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Dental root canal treatment was first attempted in 1728 (Hasegawa 1983), and is 
routinely performed all over the world, despite a significant failure rate. The primary cause of 
failure is bacterial infection, and the most commonly associated bacterium from secondary 
root canal infections is Enterococcus faecalis with isolation rate ranging from 30 to 70 %. 
 
E. faecalis produces biofilms and tolerates the high alkalinity of calcium hydroxide; 
the most commonly used intracanal medication. When conditions inside the root canal 
become extreme (low nutrients and high pH), E. faecalis is selected leading to inflammation 
of the periapical tissues and consequently treatment failure. 
 
One proposed mechanism for the adaptation of E. faecalis to high pH is the 
involvement of two membrane proteins that are upregulated under conditions of nutrient 
deprivation and elevated alkalinity; specifically glycosyl hydrolase (Ef0114) and glycerol 
facilitator membrane protein (GlpF) (Ef1927). 
 
The overall aim of this study was to assess the involvement of glycosyl hydrolase and 
GlpF in alkaline tolerance and biofilm formation by E. faecalis.  
 
The specific aims were:  
(i) to compare alkaline tolerance among root canals isolates of E. faecalis and non-root canal 
isolates in order to determine if the conditions within the treated root canal select strains 
better able to adapt and survive.  
 
(ii) To investigate the involvement of the glycosyl hydrolase and GlpF in alkaline tolerance 
and biofilm formation. The up-regulation of these membrane proteins could be related to a 
generalized stress response rather than a specific reaction to the alkaline condition, and 
targeting these proteins could offer alternative treatment strategies. 
 
The study revealed considerable variability in alkaline tolerance among strains of E. 
faecalis, and the root canal isolates were no more tolerant than non-root canal strains. GlpF is 
a highly conserved membrane protein with minimal variation among E. faecalis strains. 
 ii 
Whereas, the glycosyl hydrolase showed amino acid variations but with no correlation to 
alkaline tolerance. 
 
Biofilm formation was variable among strains of E. faecalis; however it was highly 
influenced by the type of carbohydrate available and the pH. Thicker biofilms were formed in 
the presence of glucose compared to glycerol, and at pH 8 compared to pH 11. In addition, 
the metabolic activity of the biofilm bacteria was significantly higher when the biofilm was 
originally formed in glycerol compared to glucose. Blocking of the glycosyl hydrolase with 
PUGNAc (analogue of N-acetyl glucosamine) significantly decreased the biofilm biomass 
formed in glucose and the metabolic activity of biofilm formed in glycerol. 
 
Glycerol metabolism contributed to the alkaline tolerance of E. faecalis by 
accelerating the growth of the least tolerant strain at pH 11, and by increasing the metabolic 
activity of the biofilm bacteria subjected to high pH. 
 
Genetic modification of E. faecalis was challenging. Various approaches were 
therefore attempted to derive mutants of the two genes of interest including deletion mutation 
and transposon mutagenesis. Ef0114 (encoding glycosyl hydrolase) was successfully deleted, 
while potential mutants of Ef1927 (encoding GlpF) reverted to the wild type, strongly 
suggesting that GlpF is essential for survival of E. faecalis. 
 
Screening of a library of 5000 transposon derivatives did not result in any alkaline-
sensitive mutants. However, two transposon mutants of each of the targeted genes were 
identified in a previously sequenced transposon library providing opportunity for 
investigating their involvement in alkaline tolerance and biofilm formation. 
 
Both the glycosyl hydrolase deletion mutant and the GlpF transposon mutants showed 
minimal difference in tolerance from the wild-type strain. On the other hand, a GlpF over 
expressing strain exhibited accelerated growth at pH 11 compared to the wild-type, and GlpF 
downregulation in a DErs (Enterococcus regulator of survival) mutant decreased the 
metabolic activity of the biofilm, suggesting a contribution to alkaline tolerance. 
 
 iii 
Application of glycosyl hydrolase inhibitor (PUGNAc)  led to the conclusion that the 
contribution of glycosyl hydrolase to alkaline tolerance is in part due to metabolism of 
complex glycoproteins that provide energy and results in acidification of the alkaline 
environment. However, this effect is likely a contributor rather than the principal mechanism 
of surviving high pH. 
 
Of note, Auphen (gold III compound), a recognised inhibitor of mammalian GlpF, 
demonstrated an effective antimicrobial action against E. faecalis, providing encouraging 
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 The ultimate goal of endodontic treatment is to restore the physiological function of 
the teeth by maintaining them in a healthy state. However, endodontists usually face the 
challenge of dealing with a complicated root canal system and choosing from the available 
antimicrobials to ensure a successful outcome. 
 
 While advancements in dental materials and techniques are continuous, the 
mechanical challenges of dealing with small root canals systems, and emerging bacterial 
resistance to antibiotics that is increasing worldwide are directing research toward developing 
more effective antimicrobial agents. 
 
 The requirement for root canal treatment is generally equivalent to two treatments per 
patient (Pak et al. 2012), with reported failure rates ranging from 4 to 69 % for primary 
treatment (Ng et al. 2007) , from 3 to 60 % for retreatments (Paik et al. 2004), and recently to 
about 13.98 %, and 21.8% respectively (Elemam and Pretty 2011). This relatively high 
failure rate makes root canal treatments a high economic health burden on the global 
community. 
1.1 Causes	of	root	canal	treatment	failure	
 Causes of root canal treatment failures have been widely investigated. Most studies 
conclude that the microbial infection inside the root canals is the leading cause of root canal 
failure (Abou-Rass and Bogen 1998; Chugal et al. 2001; Leonardo et al. 2002; Nair et al. 
1999; Siqueira and Rocas 2004; Sjogren et al. 1997). The presence of bacteria indicated by a 
positive culture just prior to root canal obturation significantly affects the outcome on the 
periapical healing of teeth followed for up to five years (Sjogren et al. 1997). In addition, 
bacteria are present in all cases of root canal filled teeth associated with periapical lesions, 
especially in the apical part of the canal, indicating a strong association as the primary cause 
of the disease (Siqueira and Rocas 2004). 
 
 The complex anatomy of the root canal system together with the inability of 
mechanical preparation to reach challenging parts such as isthmuses, ramifications, deltas, as 
well as deep inside the dentinal tubules, makes it difficult to disinfect the canal thoroughly. 
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Furthermore, the ability of the irrigating solutions and intra-canal medications to reach these 
complex regions is not guaranteed and is broadly dependent on the size of the canal after 
preparation and irrigation. 
 
 A common cause of root canal failure is the poor quality of obturation (Chugal et al. 
2003) which allows bacterial leakage and reinfection of the root canal and periapical tissues. 
The outcome of root canal treatment has been attributed not only to the quality of root canal 
filling but to the quality of the coronal restoration (Siqueira et al. 2005). 
 
 The presence of periapical lesions has a negative impact on treatment outcomes 
(Chugal et al. 2003), probably due to persistent bacteria in the lesion that re-infect the root 
canal if not adequately sealed apically. The poorer outcome could also be related to the 
longer time of healing in teeth with periapical lesions compared to those without the lesion. 
 
 There is a correlation between instrumentation level and failure of root canals, where 
a millimetre loss of working length increases the treatment failure by 14% (Chugal et al. 
2003), which could be attributed to debris and bacteria in the remaining unprepared part of 
the root canal. Siqueira and Rocas (2004) reported increased species of bacteria associated 
with a shorter root canal obturation.  
 
 The controversy about the most efficient root canal irrigating solutions and 
medications makes it more difficult to determine the best protocol for eliminating all the 
bacteria from the root canal (El Karim et al. 2007; Prada et al. 2019). In addition, some intra-
canal medications may have an adverse effect on root canal treatment. For example, calcium 
hydroxide has been broadly used as an intra-canal dressing between appointments because of 
its antibacterial action. However, its use may adversely affect the sealing ability of the root 
canal sealer used afterwards, leading to leakage and reinfection (Caliskan et al. 1998). 
 
 Various studies investigated the bacteria associated with root canal treatment failure. 
Pinheiro et al. (2003a) found that 57.4% of the isolated bacteria were facultative anaerobic 
species and 83.3% were Gram-positive bacteria, and that Enterococcus faecalis was the most 
frequently recovered bacterium. Sequencing the 16S rRNA region of the genome for 
identification, E. faecalis was the most prevalent in root-filled teeth associated with 




 Analysis of bacterial communities associated with failed root canal treatment by 
denaturing gradient gel electrophoresis revealed E. faecalis as the most commonly isolated 
organism. However, E. faecalis was not the predominant species and the bacterial community 
varies from one tooth to another (Rocas et al. 2004b). Majority of these bacterial 
communities include Firmicutes, Actinobacteria, Proteobacteria and Bacteroidetes (Anderson 
et al. 2013; Anderson et al. 2012) 
 
 E. faecalis is associated with failed endodontic therapy more than in primary 
treatment. However, the relationship between bacteria and failed treatment excludes the 
involvement of periapical lesions (Rocas et al. 2004c). On the other hand, a significant 
correlation was reported between E. faecalis in re-treatment cases and their presence in 
saliva, a possible source of infection. Furthermore, inadequate root canal fillings produce a 
microenvironment that encourage the growth of E. faecalis (Wang et al. 2012). 
 
 The differences in the prevalence of E. faecalis in root canals reported by various 
studies could be attributed to the method used for identification, as polymerase chain reaction 
(PCR) is considerably more sensitive than culturing technique in detecting E. faecalis 
(Gomes et al. 2008; Zoletti et al. 2006). 
1.2 Antimicrobial	procedures	for	root	canal	treatment:	
 The basic procedures for root canal treatment include mechanical preparation of the 
root canal system, disinfection of the canal with various irrigating solutions and medications, 
and finally obturating the canal with a filling material to seal the root canal system from 
future infection both apically and coronally (Estrela et al. 2014). 
 
 Mechanical preparation of the root canal has a number of purposes. The first is to 
create a shape that allows the application of antimicrobial agents without compromising the 
strength of the tooth. The second is the removal of infected pulp tissue and bacteria that have 
become established in the root canal. Mechanical preparation alone removes about 90 % of 
the bacteria inside the canal (Colak et al. 2005; Siqueira et al. 1999). The accompanied use of 
irrigating solutions flushes out debris created during the mechanical preparation and 




 The most commonly used irrigants are sodium hypochlorite and chlorohexidine 
(Eldeniz et al. 2007; Estrela et al. 2007). Both significantly reduce the bacterial counts inside 
root canals (Vahdaty et al. 1993; Vatkar et al. 2016). However, no irrigant completely 
eradicates bacteria, especially E. faecalis, from the root canal system (Bulacio Mde et al. 
2006; Estrela et al. 2007; Johal et al. 2007; Kho and Baumgartner 2006; Vahdaty et al. 1993; 
Vatkar et al. 2016; Wang et al. 2007). In order to improve the elimination of remaining 
bacteria, the additional use of antimicrobial medicaments is common. They are spiraled into 
the root canal, and after the application of a temporary restoration, usually remain in the canal 
for weeks or even months. 
1.2.1 Calcium	hydroxide:	
 Calcium hydroxide was first used in endodontics by Hermann in 1920 (Bystrom et al. 
1985) and remains the most commonly used medication to remove residual bacteria after root 
canal preparation and irrigation (Law and Messer 2004). Moreover, besides its antibacterial 
action, calcium hydroxide has an essential biological function within the root canal by 
contributing to tissue repair in the periapical area (Leonardo et al. 2006) and promoting 
remineralization of bone by activating alkaline phosphatase. This enzyme liberates a 
phosphate group from esters of phosphate that subsequently react with calcium in the 
bloodstream to form calcium phosphate, the unit of hydroxyapatite in mineralized tissues 
(Estrela et al. 1995). The dissociated calcium also regulates osteopontin and BMP-2 levels 
involved in calcified tissue formation (Rashid et al. 2003). Furthermore, due to the diffusion 
of the hydroxyl ions from the root canal to the root surface, calcium hydroxide is thought to 
maintain an alkaline surface environment that will reduce the action of osteoclastic bone 
resorption that occurs under acidic conditions (Schafer and Al Behaissi 2000). 
1.2.1.1 Mode	of	action	of	calcium	hydroxide:	
The antibacterial action of calcium hydroxide is attributed to its ionic dissociation into 
calcium and hydroxyl ions which raises the pH of the immediate environment. 
 
 The high pH then depolarizes the cytoplasmic membrane of bacteria and affects 
enzymatic activity. In addition, high pH disrupts the phospholipids of the unsaturated fatty 




Calcium hydroxide dissolves lipids in the bacterial lipopolysaccharide that triggers 
the inflammatory mediators, thus detoxifying their effect that results in periapical bone 
resorption. Calcium hydroxide also eliminates endotoxins from within the root canal  (Guo et 
al. 2014; Valera et al. 2015). 
 
de la Casa et al. (2008) demonstrated that calcium hydroxide causes protein 
denaturation of the pulp tissues and therefore has a function in dissolving vital and necrotic 
tissue remaining following the instrumentation and irrigation phases of endodontic treatment. 
1.2.1.2 Antibacterial	efficacy	of	calcium	hydroxide:	
The controversy over the antibacterial efficacy of calcium hydroxide against root 
canal bacteria, especially E. faecalis, has not been settled regardless of the number of studies 
that have been conducted. Some authors report the positive effects of calcium hydroxide, 
whilst others report less than ideal or even deleterious effect. Differences in the methods used 
make it difficult to compare results and determine their relevance to the clinical setting in the 
management of root canal infections. 
 
In an attempt to mimic clinical conditions, a number of studies, using the bovine tooth 
model to assess the antibacterial efficacy of calcium hydroxide, showed the inability of 
calcium hydroxide to eradicate bacteria from the canal, to prevent secondary infection, as 
well as its lack of substantive effect and inability to prevent colonisation (Basrani et al. 2002; 
Basrani et al. 2003; Estrela et al. 1999; Gomes et al. 2003; Heling et al. 1992; Siren et al. 
2004). Most of these studies used dentine powder collected from the root canal by burs 
followed by incubation in a broth to detect bacteria. However, the drawback of this technique 
is the difference in quantity of dentine collected which will subsequently affect the detection 
of bacteria. In addition, this method does not indicate the actual numbers of residual bacteria; 
even a minimal number of residual bacteria will generate a positive result.  
 
 Although, Baker et al. (2004) modified the bovine tooth model by vortexing the 
dentin block in a broth, and Gomes et al. (2003) quantified dentine samples, they both 
confirmed the inability of calcium hydroxide to completely eradicate E. faecalis from within 




In contrast, Zehnder et al. (2006), using a similar method to the bovine tooth model 
but with extracted human teeth, found calcium hydroxide to be very effective in killing the 
residual bacteria.  
 
The agar diffusion test is commonly used to compare the zone of inhibition of 
calcium hydroxide with other medicaments. Some studies found that calcium hydroxide is 
effective in killing the bacteria, including E. faecalis, and its efficacy was higher than sodium 
hypochlorite, iodine potassium iodide, and Ledermix (antibiotic/corticosteroid paste) 
(Athanassiadis et al. 2009; Blanscet et al. 2008; Estrela et al. 2001; Haenni et al. 2003). 
However, most of the studies found calcium hydroxide to be less effective in killing E. 
faecalis compared to chlorohexidine, and a combination was better than calcium hydroxide 
alone but less than chlorohexidine alone (Ballal et al. 2007; Gomes et al. 2009; Haenni et al. 
2003; Lin et al. 2003; Neelakantan et al. 2007; Pandey et al. 2018; Ribeiro et al. 2006). The 
contradiction in the outcomes of the described studies might be due to the use of media other 
than Muller Hinton in some studies, as well as differences in incubation time and the 
concentration of calcium hydroxide.  
 
The agar diffusion test is not the ideal way to test the efficacy of calcium hydroxide 
because it depends to a great extent on the ability to diffuse through the agar. Furthermore, 
the primary mechanism of action of calcium hydroxide relies on the alkalinity created by the 
hydroxyl ions, and the buffers present in the media counteract this alkalinity. 
 
Calcium hydroxide was more effective when combined with either chlorohexidine or 
diclofenac sodium than when used alone (de Freitas et al. 2017; Zancan et al. 2016). In these 
studies, an E. faecalis biofilm was grown on a tooth model, and following the application of 
the medicaments, a bacterial viability stain was used to assess efficacy of the medicaments.  
 
In clinical studies, in which microbial samples are taken before and one week after 
endodontic dressing, calcium hydroxide is ineffective in eliminating residual bacteria and less 
effective than in combination with chlorohexidine (Ferreira et al. 2015; Siren et al. 2014), 
therefore improving calcium hydroxide efficacy or developing alternative ways for better root 




 Calcium hydroxide is clinically delivered as a root canal medication using three main 
types of vehicles; aqueous, viscous and oily. The type of vehicle influences the rate of 
dissolution to calcium and hydroxyl ions inside the canal, and its apical diffusion; thus 
affecting its function in the periapical tissues (Ballal et al. 2010; Blanscet et al. 2008; De 
Moor 2003; Robert et al. 2005). The higher the viscosity of the vehicle the slower the 
dissociation rate and the more prolonged the contact of calcium hydroxide with the tissues 
and the bacteria. Aqueous vehicles are the more commonly used because they provide a rapid 
increase in the pH (Fava and Saunders 1999). However, frequent applications are needed to 
maintain the pH which requires multiple appointments. On the other hand, viscous and oily 
formulations provide a more sustained release of calcium and hydroxyl ions needed in 
prolonged periods of contact as in apexification cases, but are less favorable to have an 
effective antibacterial action required at the beginning of treatment of canal infections (Fava 
and Saunders 1999). The vehicle factor is still debatable as to whether it affects the efficacy 
of calcium hydroxide, and regardless of the type of vehicle, the high pH is maintained 
clinically for up to 21days (Pacios et al. 2004). 
 
Clinical efficacy of calcium hydroxide within the root canal is thought to be affected 
by the buffering capacity of dentine. Dentine powder inhibits the antibacterial action in vitro 
and decreases the antimicrobial efficacy of sodium hypochlorite, chlorohexidine and iodine 
potassium iodide (Haapasalo et al. 2000). However, as the dentin is ground into small 
particles in these studies, its physical properties may be different from those inside the tooth. 
 
The particular component of dentine that inhibits the action of calcium hydroxide was 
investigated by comparing the antibacterial action of calcium hydroxide in the presence of 
dentine powder, hydroxyapatite and bovine serum albumin (Portenier et al. 2001). Both the 
organic and the inorganic components of dentin inhibit the antibacterial effect. However, 
dentine only inhibits calcium hydroxide solution, but it does not inhibit the efficacy of 
calcium hydroxide paste carried in an aqueous methylcellulose base (Athanassiadis et al. 
2010).  
            
The distance from the main root canal to the root surface is another factor likely to 
affect the action of calcium hydroxide. As the hydroxyl ions diffuse through the dentinal 
 8 
 
tubules the pH gradually decreases (Schafer and Al Behaissi 2000). Therefore, the bacteria 
which can invade deeply inside the dentinal tubules could tolerate the lower pH. 
 
Contact time affects the efficacy of calcium hydroxide, because it requires at least 14 
days to fully diffuse from the main canal to the outer surface of radicular dentine (Cidade et 
al. 2016). In addition, 60 days is required to completely eradicate various bacteria, including 
E. faecalis, from the canal in vitro (Estrela et al. 2003). However, in this study, the initial 
bacterial load was much higher than the expected residual bacteria remaining after regular 
mechanical preparation and irrigation in a clinical protocol. Moreover, they did not measure 
the change in the bacterial count throughout the 60 days. 
1.2.1.4 Improving	the	efficacy	of	calcium	hydroxide:	
An attempt to improve the efficacy of calcium hydroxide involved increasing its 
contact time with various bacteria by increasing its wettability. The higher efficacy was 
achieved by adding detergent to the calcium hydroxide irrigant to lower its surface tension 
(Barbosa et al. 1994). However, adding a surfactant to calcium hydroxide does not improve 
its antimicrobial effect (Baker et al. 2004). 
 
Combining other medicaments with calcium hydroxide may be a way of improving its 
antibacterial action while maintaining its beneficial biological effects. However, not all 
combinations resulted in a synergistic result.  Combination of calcium hydroxide with either 
chlorohexidine or iodine potassium iodide (IKI) improved function but is less effective than 
either chlorohexidine or IKI used alone (Gomes et al. 2003; Haenni et al. 2003; Lin et al. 
2003; Siren et al. 2004). Also, adding sodium hypochlorite or Ledermix® (corticosteroid 
antibiotic paste) to calcium hydroxide does not improve the effect of calcium hydroxide, and 
calcium hydroxide alone is more effective than either sodium hypochlorite or Ledermix® 
(Athanassiadis et al. 2009; Haenni et al. 2003).  
 
On the other hand, combinations of calcium hydroxide with either non-steroidal anti-
inflammatory drugs (NSAIDs), proton pump inhibitors, or cysteamine results in a more 
effective antibacterial action (de Freitas et al. 2017; Mehta et al. 2017; Pandey et al. 2018). 




Regardless of the various attempts to improve the antimicrobial efficacy of calcium 
hydroxide, E. faecalis remains a common bacterium that adapts to the alkalinity of this 
medication and is implicated in subsequent root canal treatment failure (Cook et al. 2007). 
1.3 Enterococcus	faecalis	
1.3.1 Taxonomy	
 E. faecalis is Gram-positive facultatively anaerobic bacterium, occurring as single 
cocci or arranged in chains. It belong to a broad group of organisms known as the Lactic 
Acid bacteria, with a low GC content (average 37.5%) (Fisher and Phillips 2009; Paulsen et 
al. 2003).  
 
 The first sequenced genome for E. faecalis was published in 2003 for strain V583; the 
first vancomycin-resistant strain isolated in the USA. The genome consists of 3337 predicted 
protein-encoding open reading frames (ORF) and three plasmids (Paulsen et al. 2003). 
Genomic sequences of other E. faecalis strains have been published subsequently revealing a 
great variability within the species (Brede et al. 2011; Fritzenwanker et al. 2013; Minogue et 
al. 2014; Wang and Brucker 2019; Yu et al. 2014; Zischka et al. 2012). The variation among 
the strains may be in either the core genome or conferred by the acquisition of mobile genetic 
elements (MGE) (Bourgogne et al. 2008).   
 
 Functional analysis of the core genome has not been adequately assessed because of 
the considerable variability among the strains, or lack of the appropriate genetic tools.  
1.3.2 Physiology	
 E. faecalis belongs to the genus Enterococcus which can metabolise a wide range of 
carbohydrates allowing adaptation to various environments. For example, E. faecalis 
metabolises glucose, glycerol, and citrate under both aerobic and anaerobic conditions 
(Bizzini et al. 2010; Blancato et al. 2008). They also can degrade complex glycoproteins 
contributing to their metabolic versatility (Collin and Fischetti 2004; Garbe et al. 2014).  
 
 E. faecalis survives over a range of temperatures ranging from 10°C to 45°C; high 
salt concentration (6.5% NaCl); and pH range from 2.9 to 12 (Byappanahalli et al. 2012; 
Mubarak and Soraya 2018; Ramsey et al. 2014; Weckwerth et al. 2013). Their ability to 
 10 
 
tolerate bile salts allows colonisation of the gastrointestinal tract (GIT), and this tolerance 
increases by exposure to  sublethal concentrations of bile inducing a general stress response 
(Rince et al. 2003). 
 
 The flexibility of E. faecalis metabolic pathways and stress responses underserves its 
ability to survive harsh conditions. Furthermore, being facultative anaerobe allows them to 
tolerate oxidative stress by altering their cellular metabolism, upregulating fatty acid and 
sulphur metabolism, and increasing  the rate at which molecules proceed through the 
glycolytic pathway (Portela et al. 2014).  
1.3.3 Ecology	
 E. faecalis is regarded primarily as a commensal of the GIT of mammals, but have 
been isolated from other clinical and environmental sources. In humans, E. faecalis may be 
isolated from blood, urine, oral cavity and root canals. They have been found in the GIT of 
almost all mammals, as well as poultry skin. Environmentally,  they are found in the soil, 
various water sources, and foods (Kim et al. 2012; Rathnayake et al. 2012; Togay et al. 
2010).  
 
 E. faecalis evolved from a commensal to being considered one of the most common 
nosocomial pathogens with broad resistance to antibiotics (Mason et al. 2011). 
 
 The source of root canal isolates has been investigated by comparing their virulence 
factors to those isolated from stools of healthy individuals, blood from patients with sepsis 
and various food including raw and pasteurized milk, olives, fresh vegetables, and herbs. 
However, a relationship has not been established. Moreover, the number of virulence 
associated genes was least among the root canal isolates (Vidana et al. 2016). 
1.3.4 Natural	gene	exchange	
 E. faecalis has the ability to acquire MGE ; a quarter of the genome of V583 strain 
consists of mobile or exogenously acquired DNA forming the highest proportion in any 
bacterial genome so far sequenced (Paulsen et al. 2003). In addition, lateral gene transfer is 
common among E. faecalis strains through conjugation, involving precise excision of DNA 
from the chromosome, the formation of circular intermediates that have the ability to move 
 11 
 
between strains, and recombination with the recipient genome (Aktan et al. 2013; Coburn et 
al. 2007). 
 
 The ability of some strains to undergo lateral gene transfer is a defence mechanism 
due to their lack of clustered regularly interspaced short palindromic repeats (CRISPR) in 
their genome that generally degrade foreign nucleic acids entering the cell and prevent 
bacteriophage infection. Thus the absence of CRISPR system renders the bacteria 
immunocompromised (Price et al. 2016). Lateral gene transfer is evident by the highly 
conserved sequences surrounding lost genes in some of the strains, these conserved 
sequences are thought to be the result (Galloway-Pena et al. 2011).  
1.3.5 Virulence	factors		
 Some E. faecalis strains have even been used as probiotics to protect against Listeria 
monocytogenes by the production of  bacteriocins (Foulquie Moreno et al. 2006), as well as 
improving microbial “intestinal balance” and alleviating irritable bowel syndrome (Domann 
et al. 2007). 
 
 However, E. faecalis is recognised as a leading cause of nosocomial infections; 
causing bacterial endocarditis and urinary tract infection. In addition, E. faecalis is frequently 
associated with root canal treatment failure. Classification of E. faecalis strains into either 
commensal or pathogenic is ambiguous because it depends on the presence or absence of a 
wide range of virulence associated genes. E. faecalis possesses great variability in virulence 
associated genes depending on the source of isolation (Creti et al. 2004), and ability to 
undergo conjugation and transfer on MGE (Eaton and Gasson 2001). 
 
 The most widely distributed virulence factors of E. faecalis include haemolysin (Hyl), 
gelatinase (gelE), aggregation substance (agg), lipase, hemagglutinin, serine protease (SprE), 
quorum-sensing (fsr) system, and enterococcus surface protein (esp). These virulence factors 
are mainly involved in attachment and/or invasion of the host tissues or compromising the 
host immunity (Arciola et al. 2008; Togay et al. 2010). 
 
 Attempts have been made to correlate specific virulence genes with either a disease or 
the source from which E. faecalis was isolated. Most environmental water isolates harbour 
gelE while esp is more prevalent in clinical isolates (Rathnayake et al. 2012). In addition, 
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hemolysin and the aggregation substance Asa1 are associated with infection, and esp with 
colonisation and invasion of the host tissue (Waar et al. 2002). 
 
 The pathogenicity island (PAI), formed of gene clusters within the core genome, is 
usually regarded as a determinant of pathogenicity. The PAI has lower GC content than the 
rest of the genome due to insertions from other low GC Gram-positive organisms. Some of 
the virulence factors, such as cytolysin, agg, and esp are found on the PAI (Pillar and 
Gilmore 2004). However,the presence of either the MGE or the PAI is not a definitive 
indicator of virulence because some strains, (for example OG1Rf), lack these MGE and the 
entire PAI, yet, have an increased ability to infect kidneys and produce biofilms (Bourgogne 
et al. 2008). 
 
 Similarly, the confirmed presence of some virulence associated genes in certain 
strains does not render them pathogenic. For example, Symbioflor 1, a probiotic strain 
initially isolated from stools of a healthy human, contain genes for agg, collagen adhesion 
protein and capsule formation which are generally considered virulence genes because they 
facilitate colonizing host tissues. However, in this probiotic strain these genes enable the 
bacteria to colonise the GIT, required for their probiotic feature (Domann et al. 2007; 
Fritzenwanker et al. 2013).  
 
 Another example is the presence of virulence genes, including gelE and sprE in the 
genome of a commensal strain isolated from a healthy infant (Brede et al. 2011). In addition, 
this infant strain contains a plasmid resembling the PAI and harbors esp (Brede et al. 2011). 
Furthermore, a commercial strain, American Type Culture Collection (ATCC) 29212,  used 
for quality assessment of microbial culture, contains the endocarditis collagen adhesion (ace) 
and hemolysin-cytolysin (cyl) virulence genes and is tetracycline resistant (Kim et al. 2012). 
In addition, a strain isolated from food harbors Van A (vancomycin resistance), which 
highlights the potential hazard of this bacteria (Togay et al. 2010). 
 
 Despite the association of certain virulence factors with some diseases, no 
relationship has been established between the presence of gelE, hyl, and esp in an isolate and 




 Consequently, the pathogenicity of E. faecalis depends on the expression of the 
virulence genes in relation to the specific environment rather than the source of isolation of 
the bacteria (Hew et al. 2007). The presence of the virulence associated genes alone is not 
enough to induce pathogenicity (Lenz et al. 2010). 
1.3.6 Antibiotic	resistance		
 Antibiotic resistance among E. faecalis isolates may be either intrinsic due to the 
presence of efflux pumps (Hurlimann et al. 2016), or acquired by the transfer of antibiotic 
resistance genes by conjugation (Dunny et al. 1981). In addition, lack of CRISPR in E. 
faecalis allow them to acquire additional genes including these encoding for antibiotic 
resistance (Price et al. 2016). 
 
 Although the acquisition of antibiotic resistance may be through the transfer of MGE, 
the antibiotic resistance genes are not necessarily carried on plasmids but can be integrated 
into the chromosome (Aktan et al. 2013).  
 
 During lateral gene transfer, multiple resistance genes can be mobilized 
simultaneously, which explains the association between certain virulence factors and 
antibiotic resistance (Aktan et al. 2013; Coburn et al. 2007). This combined transfer is also 
evidenced by a positive association of antibiotic resistance and biofilm forming ability among 
isolates from poultry (Ciftci et al. 2009). 
 
 Biofilm formation enhances resistance to antibiotics (Sandoe et al. 2006), not only 
because it limits the diffusion of the antibiotics through the matrix but also it increases the 
plasmid copy number and the expression of  antibiotic resistance genes within the biofilm 
(Cook and Dunny 2013). 
 
 Antibiotic resistance varies among strains of E. faecalis depending on their source of 
isolation. Generally, clinical isolates possess more antibiotic resistance genes compared to 
environmental isolates, probably due to the greater transfer of MGE among clinical strains 
(Talebi et al. 2015). However, root canal isolates have the lowest antibiotic resistance genes 
compared to saliva/plaque isolates, nosocomial isolates, and food isolates (Anderson et al. 
2018). In general, indications for the use of antibiotics in endodontics are limited to 
medically compromised patients, systemic involvement of the infection, progressive and 
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persistent infections (Segura-Egea et al. 2017). This might be the reason of the lower 
occurrence of antibiotic resistance genes among root canal isolates of E. faecalis. 
1.4 Biofilm	formation	by		E.	faecalis	
 Biofilms are communities of microorganisms that are attached to a surface. They can 
comprise a single microbial species or multiple species and can form on a range of both 
biotic and abiotic surfaces (O'Toole et al. 2000). 
 
 Biofilm formation is a multistep process that begins with the attachment of bacteria to 
a substrate, followed by colonization, further recruitment of bacteria and cell division. 
Subsequently, maturation of the biofilm and the secretion of extracellular polysaccharide 
(sometimes called slime) occur (Iyer and Hancock 2012; O'Toole et al. 2000). 
 
 One of the virulence factors of E. faecalis is the ability to form a biofilm on the root 
canal dentine, through which it gains resistance to applied medications and irrigation used 
during treatment. Biofilm formation could also be a mechanism contributing to alkaline 
tolerance (Kishen et al. 2006). The ability to form biofilm varies among strains of E. faecalis; 
for example, endocarditis isolates exhibit greater biofilm formation compared to non-
endocarditis isolates (Mohamed et al. 2004). However, comparing endodontic isolates of E. 
faecalis to other oral and non-oral isolates (from human bacteraemia) revealed no significant 
difference in biofilm formation (Duggan and Sedgley 2007). On the contrary, the biofilm-
forming ability of saliva isolates was greater than that of food isolates (Anderson et al. 2015). 
Most of the previous studies conducted the biofilm in vitro on the bottom of polystyrene 
plates , however inside the root canal E. faecalis has the ability to invade dentinal tubules and 
attach to collagen which enhances their biofilm formation in vivo (Love 2001). 
1.4.1 Genetic	determinants	of	biofilm	formation	
 Toledo-Arana et al. (2001) report that the acquisition of esp (coding for enterococcus 
surface protein)  in E. faecalis has a strong association with biofilm formation, confirmed by 
the loss of ability to form biofilm in mutants lacking this gene. esp has 50% sequence 
similarity with Bap of S. aureus which are notable biofilm formers. However, two E. faecalis 
mutants lacking esp did not lose the ability to produce biofilms. This gene is involved in 
primary attachment and there is a likelihood of involvement of other mechanisms required for 
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biofilm formation (Toledo-Arana et al. 2001). Moreover, strains of E. faecalis lacking esp are 
also capable of producing biofilm (Hancock and Perego 2004; Hufnagel et al. 2004). 
 
 Kristich et al. (2004) dismissed the idea of the dependency of biofilm formation on 
the presence of esp, because strain OG1Rf, lacking not only esp gene but the entire PAI, is 
able to produce dense aggregations exhibiting typical biofilm architecture. Despite 
demonstrating association between gelE and biofilm formation, the authors reasoned that the 
generation of biofilm by the gelE knockout mutant implies the involvement of multiple 
pathways that regulate biofilm formation by E. faecalis.  
 
 Mohamed et al. (2004) concluded that esp is not required for biofilm formation, but 
its presence is associated with significantly greater amounts of biofilm. However, Tendolkar 
et al. (2004) support the involvement of esp as a critical contributor to biofilm formation.  By 
transforming esp-deficient strains  to express Esp on their cell surface and subsequently 
comparing their ability to produce biofilms, they found that esp expression leads to a 
significant increase in biofilm. This debate continues; Elhadidy and Elsayyad (2013) 
determined that there is no correlation between the presence of esp and biofilm formation, by 
demonstrating the absence of this gene in all biofilm-forming strains and its presence in two 
non-biofilm-forming isolates. 
 
 Although esp+ and GelE+ strains produce significantly more biofilm than the negative 
isolates, biofilm can still be formed by strains lacking both genes, indicating that other factors 
affect biofilm formation in E. faecalis (Mohamed and Murray 2005). Correlation studies are 
therefore difficult, especially when the studied physiological function is multifactorial, as 
well as when dealing with such great strain diversity. Esp might be involved in the process of 
biofilm formation, but strains lacking this gene may express alternative pathways that 
compensate for its function and are upregulated when needed. 
 
 Quorum-sensing is a mechanism by which bacteria evidence cell to cell 
communication, leading to coordinated gene expression (Rutherford and Bassler 2012). 
Quorum sensing is triggered by signals from either the extracellular environment or from 
secreted molecules synthesized by the bacteria themselves (Anand and Griffiths 2003). 
Impairment of fsr, part of a two-component quorum-sensing system, disrupts biofilm 
formation in E. faecalis as it blocks the transcription of gelE that produces gelatinase (a 
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secreted protease associated with virulence), and SprE that codes a serine protease (Carniol 
and Gilmore 2004; Perez et al. 2015). However, a definite association between gelatinase and 
biofilm formation has yet to be confirmed (Carniol and Gilmore 2004; Hancock and Perego 
2004).  
 
 Another quorum-sensing mechanism in E. faecalis, luxS, was investigated for its 
effect on biofilm formation (He et al. 2016). A luxS -defective mutant generated more and 
denser biofilm compared to the wild type, as well as significant upregulation of ace (adhesion 
of collagen) and to a less extent, efa, esp, salB, ftsZ, fsrB, gelE, and bopD. The mutant also 
exhibited increased cell surface hydrophobicity (He et al. 2016). 
 
 Another method of identifying genes involved in biofilm formation is through 
transposon mutagenesis (Hufnagel et al. 2004). Transposon Tn917 was inserted in the second 
gene of a locus consisting of four ORFs collectively designated bop (biofilm on plastic 
surfaces). This insertion lowered the expression of downstream bopD thought was 
responsible for regulation of biofilm formation. However, non-polar deletion of bopB and 
parts of the flanking genes (bopA and bopC) significantly enhance biofilm formation, either 
by an increase in bopD expression, by the creation of a new promoter secondary to the 
deletion, or the possible lack of negative feedback of one or all of the first three gene 
products of the transcripts (Hufnagel et al. 2004). 
 
 The interplay between the two proteases GelE and SprE is responsible for regulating 
autolysis and release of high molecular weight extracellular DNA (eDNA) that is critical for 
biofilm development (Thomas et al. 2008). This mechanism was further explained by Guiton 
et al. (2009) that in the presence of DNase I bacteria can attach to the substratum but are 
unable to form three-dimensional structures. In addition, adding the DNase I after biofilm 
formation leads to biofilm disintegration. This was followed by a thorough study by Thomas 
et al. (2009) demonstrating that isogenic bacteria within the biofilm population mediate 
fratricide (death of sibling cells) through secreted GelE and the soluble autolysin (AtlA), 
which aid either in nutrition in deprived environments or the release of DNA involved in 
biofilm formation.  
 
 However, Barnes et al. (2012) report the production of extracellular DNA in the early 
stages of biofilm formation which was independent of bacteriolysis, pointing out that 
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extracellular DNA might be produced solely for biofilm attachment and not only by 
bacteriolysis. In addition, the deletion of rpoN, that down-regulates the autolysis mechanism 
and impairs eDNA release, leads to the formation of more robust biofilms rather than 
decreasing formation (Iyer and Hancock 2012). 
 
 Tendolkar et al. (2006) used Tn917-based insertional mutagenesis to identify possible 
biofilm-related genes in the high biofilm forming E. faecalis strain E99. A mutant with 70% 
reduction in biofilm forming ability had the transposon insertion in bee-2, part of five genes 
locus termed bee (biofilm enhancer in enterococcus). This locus is harboured on a large 
conjugative plasmid and transfers at high frequency to other E. faecalis strains. The 
involvement of bee locus in biofilm formation is supported by a spontaneous mutant with 
decreased biofilm formation due to a point mutation in srt-1and deficient in bee-2; both 
components of the bee locus (Schluter et al. 2009). This demonstrates that the biofilm-
forming ability can be transferred on MGEs to other strains, potentially enhancing their 
virulence. 
 
 Kemp et al. (2007) revealed the involvement of sortases (extracellular transpeptidases 
that are located in the plasma membrane to direct and anchor proteins) in biofilm formation.  
A SrtA-deficient mutant decreases the biofilm formation by only 5%. The SrtC-deficient 
mutant exhibited 44 % reduction, while the double deletion of SrtA and SrtC leads to 74% 
reduction in biofilm.  
 
 Ballering et al. (2009) identified a further genetic determinant for biofilm formation 
using RIVET (recombinase in-vivo expression technology), where the EF1809-deficient 
mutant displayed 50-fold reduction in the biofilm compared to the wild type. For this reason, 
they designated this gene (EF1809) as ebrA (enterococcal biofilm regulator). 
 
 Another proposed pathway for regulation of biofilm formation was suggested by 
Chavez de Paz et al. (2012) in which accumulation of the alarmones guanosine 
tetraphosphate and guanosine pentaphosphate, collectively known as (p)ppGpp  and 
stimulated by nutritional stress, regulate biofilm formation. Mutants lacking (p)ppGpp have a 




 Among the environmental factors influencing biofilm formation is the substrate to 
which the bacteria attach. Hydroxyapatite encourages a greater rate of biofilm formation 
compared to bovine dentine, bovine bone, and gutta-percha (Guerreiro-Tanomaru et al. 
2013). In addition, the structure of the dentinal tubules provide a substrate for E. faecalis to 
invade and attach to collagen (Love 2002). 
 
  Additionally, environmental conditions enhancing biofilm formation include nutrient- 
poor media and media with high osmolarity (Kristich et al. 2004). On the contrary, 
Seneviratne et al. (2013) found that addition of the nutrients hemin, vitamin K and glucose 
promote biofilm formation. Moreover, the ability of E. faecalis to produce biofilm is 
significantly reduced under starvation and alkaline conditions (Chen et al. 2017). 
 
 Thus, the determinants of biofilm formation in E. faecalis should be considered 
multifactorial, with various pathways of gene expression complementing or alternating with 
one another, as well as the enormous influence of environmental and nutrient conditions.  
1.5 Alkaline	tolerance	of	E.	faecalis		
 As early as 1959, the ability of enterococci to grow at high pH (above 9.5) was 
reported (Chesbro and Evans 1959). High pH leads to a low extrusion rate of protons by the 
H+-ATPase that regulates the cytoplasmic pH (Kobayashi 1985). Potassium extrusion 
exchanges protons by an ATP-driven transport system to modulate cytoplasmic pH under 
alkaline conditions (Kakinuma and Igarashi 1988). However, the H+K+-ATPase activity only 
increases at pH 10, not pH 9.5, and the activity could not be detected at pH 11 due to low 
number of surviving bacteria (Ran et al. 2013). 
 
 Sodium extrusion is essential for the growth of E. faecalis at high pH.  This was 
demonstrated by generation of a mutant defective in sodium-ATPase that was unable to 
survive at pH 9.5 (Kakinuma and Igarashi 1990b). The sodium ATPase activity increases 
four fold in the wild type at pH 9 compared to pH 6 (Kakinuma and Igarashi 1990a). 
 
 Flahaut et al. (1997) suggest that protein synthesis is not required for E. faecalis to 
develop tolerance to extreme pH after blocking protein synthesis with chloramphenicol, and 
reporting the induction of a subset of heat shock proteins (mainly DnaK and GroEL) with 
alkaline shift  but deduced that these proteins do not have a direct effect on alkaline tolerance. 
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 Evans et al. (2002) proposed that tolerance to high pH is neither adaptive nor related 
to stress-induced protein synthesis, but rather to a functioning proton pump which drives 
protons into the cell to maintain the cytoplasmic pH. Conversely, E. faecalis could be 
progressively acidifying the alkaline environment making it favorable for survival 
(Weckwerth et al. 2013). 
 
 Another proposed mechanism is that the alkaline tolerance is due to the bacterial 
membrane durability and impermeability to hydroxyl ions, as well as to the ATP-driven 
proton transport system which allows the bacteria to maintain cytoplasmic pH of 8-8.5 when 
the outside pH is greater than 8 (Nakajo et al. 2005; Nakajo et al. 2006).  
 
 The effects of prolonged exposure to high pH on gene transcription was first studied 
by Appelbe and Sedgley (2007), who reported an increase in the transcript of ftsZ (involved 
in cell division) that could be related to growth recovery after a five-fold decrease in viability 
at pH 10.  In addition,  Chavez de Paz et al. (2007) reported the release of proteins into the 
extracellular environment in response to high alkalinity. These included DnaK (heat shock 
chaperone), HPr (protein of the sugar phosphotransferase system that has surface-associated 
functions such as regulating sugar transport and signal transduction), and fructose-1,6-
bisphosphate aldolase. Moreover, differential regulation of 613 genes was reported, where 
most of the up-regulated genes were related to nucleotide transport and metabolism, while the 
down-regulated genes were mostly related to metabolism and energy production (Chavez de 
Paz et al. 2007). The IIABCD component of the phosphotransferase system (PTS), glycosyl 
hydrolase family proteins, glycerol uptake facilitator protein, glycerol kinase, and F0F1 ATP 
synthase were all downregulated (Ran et al. 2015). However, the bacteria were grown only 
for 24 hours in the alkaline medium which does not usually mimic the clinical situation 
within the root canal. 
 
 E. faecalis resistance to alkaline stress increases when grown as a biofilm compared 
to their planktonic counterpart (Chavez de Paz et al. 2007; Yan et al. 2012), which is also 
evident when grown as a dual-species biofilm with Pseudomonas aeruginosa, where the high 
pH did not cause significant bacterial reduction (van der Waal et al. 2011). This led to the 
conclusion that biofilm formation is an important mechanism in alkaline tolerance of E. 




 High pH also increases the cell-surface hydrophobicity of starved bacteria which 
enhances the ability of E. faecalis to adhere to dentine, thus strengthening the biofilm 
attachment and  increasing resistance to alkaline stress (Brandle et al. 2008) (Lu and Xu 
2012). 
 
 The mechanism of alkaline tolerance in E. faecalis is probably a combination of some 
or all of the proposed mechanisms; increased Na+K+-ATPase activity, cell surface 
hydrophobicity, upregulation of stress response and biofilm formation (Ran et al. 2013). 
However, the interplay between these mechanisms and the involvement of other aiding 
factors remains to be established.  
 
The effect of extreme alkalinity and nutrient deprivation on cytoplasmic membrane 
protein regulation of E. faecalis was studied by comparing the ratio of proteins expressed at 
pH 11 with those at pH 8 (Cathro 2016). Two proteins were up-regulated by more than one 
standard deviation: EF0114 (putative glycosyl hydrolase) and EF1927 (glycerol uptake 
facilitator protein).  Glycosyl hydrolase is a soluble beta-N-acetylglucosaminidase found in 
bacteria that hydrolyses the beta-1,6-linkages of PGA (poly-beta-(1,6)-N-acetylglucosamine), 
a major component of the extracellular polysaccharide matrix of the biofilm. On the other 
hand, the glycerol uptake facilitator protein functions in carbohydrate transport and 
metabolism. These proteins may have complementary function in biofilm turnover and 
nutrient acquisition by hydrolysing the extracellular matrix, thereby releasing carbohydrates 
which are imported to the cytoplasm providing the necessary energy source for metabolic 
processes. The expression of these proteins is consistent with a generalized adaptive stress 
response rather than being specific to either the increased pH or imposed reduced growth rate 
(Cathro 2016). 
 
Accordingly, investigating this possible mechanism for alkaline tolerance may offers 
insights to understanding the behaviour of this organism. Furthermore, it might identify new 
targets to efficiently eradicate E. faecalis resulting in better endodontic treatment outcomes. 
 
To date, no irrigation or medication completely kills this bacterium without adverse 
clinical effects. Therefore, studies are needed to fully understand the biofilm formation and 





 The overall aim of this study is to assess the involvement of  glycosyl hydrolase 
protein and GlpF in the alkaline tolerance and/or biofilm formation by E. faecalis. 
 
 The  specific aims of this study: 
1- To compare the root canal isolates of E. faecalis with non-root canal isolates for either 
alkaline tolerance or biofilm formation to determine whether the root canal treatment 
selects for the more resistant strains. 
2- To specifically delete Ef0114 (glycosyl hydrolase) and Ef1927 (GlpF) to assess their 
involvement in alkaline tolerance and biofilm formation of E. faecalis. 
3- To search online and test (in vitro) for any prospective inhibitors of E. faecalis putatively 





















 Bacteria used in this study with their sources are listed in (Table 1) and plasmids are 
listed with brief descriptions in (Table 2). All E. faecalis wild-type isolates were grown in 
tryptic soy broth (TSB) (BD Bacto TM, USA) or brain heart infusion (BHI) (BD Bacto TM, 
USA) as overnight cultures. Incubations were at 37°C (Binder, Total Lab Systems Ltd., New 
Zealand) aerobically without shaking unless otherwise stated. All E. coli  strains were grown 
in Luria-Bertani (LB) broth (Appendix 9.1) at 37°C with shaking (Infors H T Multitron, 
Switzerland). Strains of E. faecalis and E. coli harbouring either pAS222 or pCJK218 were 
grown at 28°C. Antibiotics were incorporated into media where appropriate in the following 
concentrations: fusidic acid 10 µg/ml, chloramphenicol 20 µg/ml, tetracycline  10 µg/ml, 
ampicillin 100 µg/ml, erythromycin 100 µg/ml, kanamycin 50 µg/ml, spectinomycin 1000 
µg/ml. Agar (15g/l;  Formedium TM, England) was added to various media to solidify. 
2.2 Alkaline	tolerance	measured	by	bacterial	growth:	
 Tryptic soy broth without dextrose ( TSB w/o D ) (BD Bacto TM) was adjusted to pH 
8 and to pH 11 with 1M NaOH solution after calibrating the pH meter (SevenCompactTM, 
Metler Toledo©, Canada) ,  with pH 4, 7, and 10 buffers (Lab Serv TM, Thermo Fisher 
Scientific New Zealand Ltd.). 
 
 The media was autoclaved (ES-315; Tomy Kogyo Co., Ltd., Japan) and subsequently 
sterile glucose solution was added to a final concentration of (55mM) or glycerol (55mM). 
The pH was rechecked and adjusted if needed before starting the experiment. 
 
 An overnight culture of the test strain was diluted 1/100 in the same medium and used 
to inoculate 200µl triplicates of each pH media in a 96 well plate (Cellstar®, Greiner Bio-one, 
F- bottom with lid, Austria). The optical density at wavelength 600nm (OD600) was measured 
at 2 hours intervals for 48 hours in a microplate reader  (Synergy 2, Biotek® Instruments, 
Inc., USA) and growth curves were plotted. Three wells of each media remained 











E. faecalis JH2-2 Wild type Molecular Bioscience 
Laboratory (MBL) culture 
collection* (Jacob and Hobbs 
1974) 
E. faecalis V583 Wild type- Vanr  (MBL) culture collection* 
(Zarlenga et al. 1992) 
E. faecalis  AS1 Root canal isolate 
(wild type) 
This study (Page 76) 
E. faecalis AS2 Root canal isolate 
(wild type) 
This study (Page 76) 
E. faecalis AS3 Root canal isolate 
(wild type) 
This study (Page 76) 
E. faecalis AS4 Root canal isolate 
(wild type) 
This study (Page 76) 
E. faecalis AS5 Root canal isolate 
(wild type) 
This study (Page 76) 
E. faecalis AS6 Root canal isolate 
(wild type) 
This study (Page 76) 
E. faecalis AS7 Root canal isolate 
(wild type) 
This study (Page 76) 
E. faecalis OG1Rf Wild type Gary Dunny, University of 
Minnesota (Dunny et al. 1978) 
E. faecalis JH2-2 DErs Enterococcoal 
regulator of survival 
Ers- deletion mutant 
Jean-Christofe Giard and 
Eliette Riboulet-Bisson, 
Université de Caen 
(Giard et al. 2006) 
E. faecalis JH2-2 DErs- 
complemented 
Ers+ Jean-Christofe Giard and 
Eliette Riboulet-Bisson, 




E. faecalis OG1Rf- Ef0114-tn-1 EfaMarTn:Ef0114 
68%- cmr  
Gary Dunny, University of 
Minnesota (Kristich et al. 2008) 
E. faecalis OG1Rf-Ef0114-tn-2 EfaMarTn:Ef0114 
36.4%- cmr 
Gary Dunny, University of 
Minnesota (Kristich et al. 2008) 
E. faecalis OG1Rf-Ef1927-tn-1 EfaMarTn:Ef1927 
12.5%- cmr 
Gary Dunny, University of 
Minnesota (Kristich et al. 2008) 
E. faecalis OG1Rf-Ef1927-tn-2 EfaMarTn:Ef1927 
23.9%- cmr 
Gary Dunny, University of 
Minnesota (Kristich et al. 2008) 
E. faecalis OG1Rf DEf0114 Ef0114- This study ( page 58)  
E. faecalis OG1Rf-pJW76 pJW76:tetr This study (page 65) 
E. faecalis OG1Rf-pJW76:Ef0114 pJW76:Ef0114: tetr This study (page 65) 
E. faecalis OG1Rf-pJW76:Ef1927 pJW76:Ef1927: tetr This study (page 65) 





This study (page 65) 





























This study (page 65) 
E. faecalis OG1Rf-pCJK55 pCJK55:ermr Gary Dunny, University of 







Gary Dunny, University of 










This study (page 49) 




This study (page 62) 
E. faecalis CK111-pCF10-101 pCF10-101:ermr Gary Dunny, University of 
Minnesota (Kristich et al. 2008) 
E. faecalis OG1Rf- pCF10 pCF10:tetr Gary Dunny, University of 
Minnesota (Dunny et al. 1981) 
E.coli DH5a- pFX3 pFX3:cmr MBL culture collection* (Xu et 
al. 1991) 
E.coli DH5a- pSLER1 pSLER1:ermr,Ampr  MBL culture collection* 
(Hale et al. 2005) 
E.coli DH5a- pSL1190 pSL1190:Ampr This study (reverting pSLER1 
to pSL1190) (Brosius 1989) 
(page 49) 



































pAS222: tetr, ermr This study (page 53) 
E.coli DH5a- pAS222/Ef0114-
ermA 
pAS222: tetr, ermr This study (page 53) 
E.coli DH5a- pAS222/DEf1927-
ermJ 
pAS222: tetr, ermr This study (page 53) 
E.coli DH5a- pAS222/DEf0114-
ermA 




Ampr, ermr, cmr 




Ampr, ermr, cmr 















This study (page 58) 
E.coli DH5a-pCJK218/DEf0114O pCJK218: cmr This study (page 62) 
E.coli DH5a-pCJK218/DEf1927J pCJK218: cmr This study (page 62) 
E.coli EC1000 Wild type Gary Dunny, University of 
Minnesota (Kristich et al. 2008) 
 
* Molecular Biosciences laboratory, Department of Oral Sciences, Faculty of Dentistry, 










Table 2. Plasmids used in this study and their sources. 
Plasmid  Relevant characteristics Source (reference) 
pFX3 Cmr MBL culture collection* 
(Xu et al. 1991) 
pSLER1 Ermr, Ampr MBL culture collection* 
(Hale et al. 2005) 
pSL1190 Ampr This study ”reverting 
pSLER1 to pSL1190” 
(Brosius 1989) 
pGEM-T-easy Ampr, LacZ Promega corporation 
(Wisconsin, USA) 
pGEM-T-easy-cm Ampr, Cmr, LacZ This study 
pAS222 tetMr, Ampr Helge Holo, Norwegian 
University of Life Sciences 
(Jonsson et al. 2009) 
pCJK218 Cmr, pheS* counter-selectable 
marker, lacZ 
Gary Dunny, University of 
Minnesota 
(Vesic and Kristich 2013) 
pJW76 pCIE-tetM 
“PJW76” 
tetr Gary Dunny, University of 
Minnesota 
(Weaver et al. 2017) 
 
* Molecular Biosciences laboratory, Department of Oral Sciences, Faculty of Dentistry, 











 An overnight BHI culture of the test strain was diluted 1/100 in the same medium and 
incubated at 37 °C until reaching OD600=1 measured by a spectrophotometer (Ultrospec 6300 
pro, Amersham Biosciences, England), in which viable count was determined to be  
equivalent to approximately (10 9) CFU/ml. 
 
 The bacteria were diluted 1/10 in phosphate buffered saline (PBS) (Appendix 9.2) 
either containing the test material or adjusted to the desired pH. Viable counts were 
determined using the drop dilution method (Naghili et al. 2013) at the appropriate times, 
where 10 µl of each preparation was serially diluted (10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 10-7, 10-
8) and 10 µl of each dilution was spotted using a multichannel pipette (Gilson®, USA) onto a 
TSB agar plate.  
2.4 Biofilm	assays	
2.4.1 Determination	of	the	biomass		
 The biomass assay was undertaken according to the protocol of (Kwasny and 
Opperman 2010) with modification. The biofilm developed in TSB w/o D supplemented with 
either glucose or glycerol (55mM) in a 96 well polystyrene microtiter plate, and the plate was 
washed three times by inverting it at a 45 ° angle in a 10 litres of distilled water to remove 
unattached bacterial cells. The biofilm was fixed by incubating it at 60°C for one hour. 
Crystal violet (100µl, 0.1% w/v) was added to each well, placed on a shaker (150 rpm) for 15 
minutes, then washed again until the water no longer had any colour. The plate was dried at 
room temperature, and the crystal violet was eluted by adding 100µl of 30 % acetic acid to 
each well to fully dissolve the biofilm. OD600 was measured and when it exceeded 1, the 
eluants were diluted 1/10 in acetic acid and remeasured. 
2.4.2 Determination	of	the	metabolic	activity:	
 This assay quantifies the metabolic activity of bacteria in the biofilm through the 
reduction of resazurin (alamar blue) to fluorescent resorufin (Peeters et al. 2008). Biofilm 
was developed for 48 hours in TSB w/o D supplemented with either glucose or glycerol 
(55mM) in a 96 well polystyrene microtiter plate. The supernatant was removed, the wells 
were washed once with 100µl PBS, further 100µl PBS was added, and resazurin solution 
(100µl , 10 % w/v) was added and the plate was incubated for one hour at 37ºC. The 
 29 
 
fluorescence was measured at (560nm excitation /590nm emission) immediately and at 15 
minutes intervals during the one-hour incubation. 
2.5 Microscopic	structure	of	the	biofilm	
 Biofilms was cultured for 48 hours at 37°C in (1ml) TSB w/o D supplemented with 
either glucose or glycerol (55mM) on Aclar embedding film (7.8 ml thickness, cat. # 50425-
25, Electron Microscopy Sciences, Hatfield, USA) and subsequently rinsed three times using 
potassium phosphate-buffered saline (KPBS) (Appendix 9.3) and stained for 15 min at room 
temperature with Hoechst 33,342 (Molecular Probes/ ThermoFisher Scientific) (5 µg/ml). 
Fluorescence images were microscopically visualized. A drop of antifade mountant 
(SlowFadeTM Diamond Antifade, Invitrogen, USA) was added to the Aclar film placed on the 
slides with a cover glass spacer to avoid damaging the biofilm structure (SecureSeal 
Adhesive, Electron Microscopy Sciences). Images were captured with a Zeiss AX10 
microscope using Zen 2.1 software as a wide-field snapshot with a 20 × 0.8 numerical 
aperture (NA) or with a 100 × 1.3 NA objective. The images, at maximum intensity 
projections obtained using the Fiji ImageJ package, were recorded (Schindelin et al. 2012). 
2.6 PCR	primer	design	
 Primers (Integrated DNA technologies, Inc., USA)  were designed to be around 25 
base-pairs. Due to the low GC content of the E. faecalis genome, the primer length was 
increased to facilitate a compatible annealing temperatures of the primer pairs regardless of 
the GC content. Primers ending with “A”s and “T”s at 3’ terminal were avoided in order to 
enhance annealing (Dieffenbach et al. 1993). Suitable restriction sites were added to uniquely 
cut the resulting amplicon at the desired sites without affecting the amplified regions 
(Dieffenbach et al. 1993). Primer sequences are provided at appropriate places throughout the 
thesis. 
2.7 Genomic	DNA	extraction	
 The genomic DNA from E. faecalis was extracted using the DNeasy Blood and tissue 
kit (Cat#6954, Qiagen, Hilden, Germany) according to the manufacturer’s instructions with 
modification. Enzymatic lysis buffer: 0.2 ml 1M Tris, pH 8.0, 0.040 ml 500 mM EDTA, 
0.120 ml 100 % Triton X-100, and 9.64 ml of water. Immediately before use, lysozyme 
(30mg/ml) was added. Cells from an overnight culture were harvested by centrifuging 1 ml 
for 1 minute at 15,000 x g (Sigma 1-15 PK, John Morris Scientific Ltd., New Zealand). The 
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supernatant was discarded, and the bacterial pellet was resuspended in enzymatic lysis buffer 
(180µl) and incubated for 30 minutes at 37°C. Proteinase K (supplied with the kit) (20µl) was 
added, the tube vortexed and incubated  for 2 minutes at room temperature. AL buffer 
(200µl) was added, mixed by vortexing, and the tube incubated at 65 °C for 30 minutes. 
Absolute ethanol (200µl) was added to the sample and mixed thoroughly by vortexing until 
homogenous. The mixture, including any precipitate, were applied to a DNeasy Mini spin 
column placed in a 2 ml collection tube and centrifuged 6000 x g for 1 minute. The flow-
through was discarded, the column placed in a new collection tube and 500µl Buffer AW1 
(Qiagen) was added. The tube was centrifuged for 1 minute at 6000 x g. The flow-through 
was discarded again, the column placed in a new 2 ml collection tube and 500µl Buffer AW2 
(Qiagen) was added. The tube was centrifuged for 1 minute at 6000 x g and the flow-through 
was discarded. The tube was centrifuged for an additional minute at 20,000 x g to dry the 
membrane. The flow-through and the collection membrane were discarded, and the column 
was placed in a clean 1.5ml microcentrifuge tube. Buffer AE (Qiagen) (100 µl) was used to 
elute the DNA by centrifugation at 6000 x g for 1 minute. The recovered DNA was stored at -
20°C until required. 
2.8 Polymerase	chain	reaction	
 Various DNA polymerases were used throughout the study according to whether the 
amplicon was to be used in genomic modifications and/or sequencing, or for screening and/or 
verification of a specific step. 
 
 For the amplification of specific regions of E. faecalis genome prior to genetic 
modification, a high fidelity enzyme, PfuUltraII Fusion HS DNA polymerase (Agilent, 
California, USA) was used according to the manufacturer’s protocol. Genomic DNA (100 
ng) or vector DNA (5-30 ng) was used as a template. Final concentration of 0.2 µM of each 
primer; 1.0 µl of PfuUltraII (2.5 units/µl), 10x PfuUltraII Buffer (5 µl), dNTPs (New England 
Biolabs, Massachusetts, USA) (0.25 mM), and water (Mol biograde DNase-, RNase-, and 
protease-free, (5 PRIME GmbH, Hamburg, Germany) was combined in a 50 µl reaction. The 
thermocycling protocol for the PfuUltraII Fusion (Mastercycler nexus gradient, Eppendorf,  





Table 3. PCR cycling parameters for PfuUltra II fusion HS DNA polymerase. 
Segment  Number of cycles  Temperature  Duration (vector or genomic DNA)  
1  1  95°C  2 minutes  
2  
 
30 cycles for vector or genomic 
DNA  
95°C  20 seconds  
Primer Tm – 
5°C  20 seconds  
72°C  
15 seconds for targets ≤1 kb 
15 seconds per kb for targets >1 
kb  
3  1  72°C  3 minutes  


























 In routine screening and verification steps either Taq DNA polymerase (New England 
Biolabs), or  Firepol® Master Mix “Ready to Load” with 7.5mM MgCl2 (Solis BioDyne) was 
used.  For the Taq DNA polymerase protocol, 0.25 µl of the polymerase (1.25 units per 50 
µl reaction); 0.2 µM of each primer; dNTPS (200 µM), 5 µl of the 10 x Taq reaction buffer, 
and water to 50 µl. The thermocycling protocol is provided in (Table 4).  
 
 For the Firepol® Master Mix protocol; 0.3 µl of each primer (10pmol/µl ), and 5-50 
ng/µl of template DNA was added to 10 µl of the master mix and water brought up the final 
volume to 50 µl. The  thermocycling protocol is provided in (Table 5). 
2.9 Purification	of	PCR	and	gel-extracted	products		
 PCR products and gel-extracted products were purified using Nucleospin® Gel and 
PCR Clean-up kit (Macherey-Nagel GmbH & Co. KG, Duren, Germany) according to the 
manufacturer’s instructions. The recovered DNA was stored at -20°C until required. 
2.10 DNA	quantification	
DNA was quantified using a spectrophotometer (NanodropTM 1000 spectrophotometer, 
Thermo Fisher Scientific, USA). Zeroing of the spectrophotometer was done using 2 µl  of 
the respective elution buffer used with the DNA, followed by quantifying the DNA. 
2.11 Agarose	Gel	electrophoresis	
 (0.7 - 2 % w/v) agarose (Ultrapure TM, Invitrogen, New Zealand) was suspended in 
TAE buffer (Appendix 9.4) and dissolved in a microwave (Timesaver 1000 W, Samsung, 
Thailand). Ethidium bromide was added to the cooled gel to a final concentration of 0.5 
µg/ml and the gel poured into a casting tray. A suitably sized comb was used to create the 
loading wells.  
 The solidified gel was placed in the electrophoresis unit (wide Mini-Sub® cell GT, 
Bio-Rad, USA) and TAE buffer added to cover the gel to 3-4 mm. The DNA samples (5 µ) 
were mixed with loading/tracking dye (Appendix 9.5) and loaded (10 µl) in the wells. Select 





Table 4. PCR cycling parameters for Taq DNA polymerase. 
Step Temperature Time 
Initial Denaturation  95°C  30 seconds  





1 minute/kb  
Final Extension  68°C  5 minutes  





Table 5. PCR cycling parameters for Firepol® Master Mix “Ready to Load” 
with 7.5mM MgCl2. 
Operation Temperature Time Cycles 
Initial denaturation  95°C  3-5 min  1  
Denaturation  95°C  20-40 s  
25-30  Annealing  54-66°C  30-60 s  
Elongation  72°C  40 s - 4 min  
Final elongation 72°C  5-10 min   






 The power unit (model 200/2.0, Bio-Rad, USA) was set at constant 100 V (with 
variable current) until the DNA tracking dye reached 75% of the gel length. The DNA bands 
were visualized by UV transillumination (UV imager, Gel DocTM EZ Imager, Bio-Rad, 
USA). 
2.12 Plasmid	purification		
 Plasmids were purified either with QIAprep® Spin Miniprep Kit (Qiagen) for high 
copy plasmids or with QIAGEN® Plasmid Midi Kit (Qiagen) for low copy plasmids 
according to the manufacturer’s instruction. Plasmid DNA was stored at -20°C until required. 
2.13 Restriction	endonuclease	digestion	of	DNA	
 Digestion reactions using restriction site endonucleases (New England Biolabs) were 
carried out according to the manufacturer’s instructions. The selected restriction enzyme (0.5 
µl), 1 µl of the appropriate 10x buffer (NEB buffer 1, NEB buffer 2, NEB buffer 3, Cut smart 
buffer) according to the optimal activity of the enzyme, DNA (50-100 ng), and water was 
added up to 10 µl to make the digestion reaction (incubated for one hour at 37 ºC).  
 
 For double digestions, 0.5 µl of each of the endonucleases was  added to the reaction 
and a suitable buffer supporting the activity of both enzymes was used. The digested DNA 
was followed by purification using Nucleospin® Gel and PCR Clean-up kit (Macherey-Nagel 
GmbH & Co. KG, Duren, Germany). 
2.14 Vector	ligation		
 Ligation of constructed inserts into vectors (Table 2) was undertaken at an 
insert:vector molar ratio of 3:1 (Ng and Sarkar 2012). The insert quantity was calculated 
according to the following equation: 
 
Vector quantity (nanograms; i.e.75ng) X    Kb insert  X    3                 =    Insert quantity  






T4 DNA ligase (New England Biolabs) (0.5µl), 1 µl of 10x T4 DNA ligase reaction buffer 
(New England Biolabs), and water were added to the 10 µl reaction and maintained overnight 
at 4 ºC. 
2.15 Transformation	of	E.	coli	
 Transformation of E. coli throughout this study was undertaken either by the heat 
shock method (Hanahan 1983; Inoue et al. 1990) or by electroporation (Dower et al. 1988). 
2.15.1 Preparation	of	chemically	competent	cells	of	E.coli	
 SOB (250 ml) (Appendix 9.6) was inoculated with a single colony of E. coli grown 
overnight on LB agar, followed by incubation at 18-22 ºC on a shaker (250 rpm) until it 
reached OD600 = 0.6 (generally 1.5 to 2 days). The culture was cooled on ice for 10 minutes, 
and centrifuged (1000 x g for 10 minutes at 4 ºC). The pellet was re-suspended in ice-cold TB 
medium (80 ml) (Appendix 9.7) and remained on ice for 10 minutes. The cells were 
centrifuged (1000 x g for 10 minutes at 4 ºC), and gently resuspended in TB (20 ml). 
Dimethyl sulfoxide (DMSO) (1.4 ml) was gently added with swirling to a final concentration 
of 7% (v/v), and the preparation remained on ice for another 10 minutes. Cells were aliquoted 
to pre-cooled tubes and stored at -80 ºC. 
2.15.2 Preparation	of	electrically	competent	cells	of	E.	coli	
 SOB (10 ml) was inoculated with a single colony of E. coli  grown overnight on LB 
agar, and incubated for 16-18 hours at 37 ºC on a shaker (250 rpm). This overnight culture 
(100 µl) was used to inoculate 250 ml of prewarmed SOB (37 ºC), incubated until it reached 
OD600= 0.5-0.7. The flask was cooled on ice for 15 minutes, and the cells were centrifuged at 
(2000 x g for 10 minutes at 4 ºC). The pellet was resuspended in 250 ml of glycerol (10% 
v/v) and centrifuged again (2000 x g for 10 minutes at 4 ºC). The pellet was again 
resuspended in 250 ml of glycerol (10% v/v) and re-centrifuged. The supernatant was 
discarded and the cells were resuspended in glycerol (10% v/v). Cells were aliquoted into 
pre-cooled tubes and stored at -80 ºC. 
2.15.3 Heat	shock	transformation	of	E.	coli	
 Chemically competent cells of E. coli DH5a were thawed on ice, and 200 µl volumes 
were aliquoted into ice-cold Falcon® tubes (15 ml). Plasmid DNA was added (up to 10 µl) 
(50-100 ng) and preparation maintained on ice for 30 minutes with gentle mixing every five 
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minutes. The cells were heat-shocked by warming to 42 ºC in a water bath for 45 seconds 
without agitation, and transferred to ice for two minutes. Prewarmed (42 ºC ) SOC medium 
(800 µl) (Appendix 9.8) was added, and the cells left to recover on a shaker (200 rpm) for 
one hour at 37 ºC. Aliquots were directly spread onto appropriate selective agar. 
2.15.4 Electroporation	of	E.	coli	
 Electrocompetent cells of E. coli (DH5a or EC1000) were thawed on ice and 1-3 µl 
of DNA (50-100 ng) was added. The cells were gently pipetted into a 1mm cuvette (#165-
2089, Gene Pulser®, Bio-Rad) and inserted into Gene Pulser XcellTM Electroporation system 
(Bio-Rad) adjusted to 25 ohms Ω resistance and 1600 volts. After the pulse was delivered, 1 
ml of LB was added to the cells which then recovered on a shaker (200 rpm) for one hour at 
37 ºC. Aliquots were directly spread on appropriate selective agar. 
2.16 DNA	sequencing	
 Purified  DNA (15-20 ng/kb) was mixed with sequencing primer (1 µl) and the 
volume brought up to 5 µl with water. Preparations were sequenced by Genetic Analysis 
Services, University of Otago using ABI BigDye Terminator version 3.1 
(https://gas.otago.ac.nz/services/). 
2.17 Synthesis	of	Auphen	
 Auphen was synthesized according to (Block and Bailar 1951); a solution of 1 g. of 
1,10 phenanthroline in 10 ml of ethyl alcohol was added to 1 g of HAuCl4 in 10 ml of ethyl 
alcohol. The reaction immediately generated a yellow precipitate that turned orange during 
heating (60°C) for 4 hours (Figure 1 and Figure 2). The precipitate was collected on filter 
paper, washed, and dried under vacuum yielding 0.97 g of Auphen. Composition was 
confirmed by mass spectroscopy (Appendix 9.15.1.1).  
2.18 Statistical	analysis	
 Statistical analysis was done using t-test: paired two sample for means using excel, 
univariate analysis of variance, multivariate analysis, and Bonferroni post hoc tests using 








Figure 1- Synthesis of Auphen, Colour gradually change from yellow to deep 








































Figure 2- Formation of Auphen by the reaction of Chloroauric acid and 1,10 













 An improved transposon system involving a mini mariner transposable element was 
developed by (Kristich et al. 2008). The mutants created by this system carry only one 
transposon element and the insertions are evenly distributed throughout the genome.  
 
 Introduction of pCJK72 plasmid (Figure 3) carried by E. faecalis recipient strain 
CK111 having  pCF10-101 plasmid into donor strain OG1RF having pCJK55 plasmid was by 
conjugation (Kristich et al. 2008). Overnight BHI cultures of the donor and recipient strains 
were incubated in with erythromycin (10 µg/ml) at 30°C. The cultures were diluted 20 fold in 
10 ml of BHI with erythromycin (1µg/ml) and incubated at 30 ºC for 1 hour 45 minutes. 
Recipient culture contained nisin (25 ng/ml) to induce transposon expression. Donor and  
recipient suspensions were mixed in a ratio of (1:9) and centrifuged (15000 x g, 1 minute). 
An aliquot of the supernatant (850μl) was removed, and the remaining mixture were plated 
on BHI agar with nisin (25 ng/ml) and incubated at 30°C for ~20 hours. 
 
 BHI (1ml) with EDTA (2mM) was added to the BHI agar, and cells were scraped off 
the agar.  An additional BHI (1ml) with EDTA (2mM) was used to wash/scrape the residual 
cells from the plate. Scraped mating mix suspensions were centrifuged for one minute at 
(15000 x g) then re-suspended in BHI (1.8ml) with EDTA (2mM) and glycerol (30%). 
 
  100μl of the 10-3 dilution was plated onto BHI agar with chloramphenicol (10µg/ml), 
fusidic acid (25µg/ml) and X-gal (150 µg/ml). After incubation at 37°C for 24 hours, the 
plates were screened and white colonies were recovered and stored in 96 well plates loaded 
with BHI supplemented with chloramphenicol (10 µg/ml), fusidic aci ( 25 µg/ml), and 
glycerol (10%). The plates were incubated at 37 °C for approximately 18 hours. A library 
was created with 5000 mutants and screened for alkaline-sensitive phenotype (Section 3.1.1). 
Mariner transposon insertion in the donor strain was confirmed by PCR using the primers in 









Figure 3- Map of pCJK72 carrying the mariner transposon (Kristich et al. 
2008). 
EfaMaTn: mariner transposon 
Cat gene: Chloramphenicol resistant gene 
phes: Phenylalanine resistant gene 
ermC: erythromycin resistant gene 









Table 6. Primers used for confirmation and determining the position of the 
mariner transposon insertions. 










Tn-inside-rev 5’- TCGCTTCACTTACGCCAATGTCGTT -3’ 
GfPR2 





















 The screening of the transposon library was undertaken by two methods; 2000 
mutants were screened in liquid media, and 3000 mutants were screened by a replica plating 
technique. 
 
 In the liquid media method, prospective transposon mutants were inoculated into 
200µl TSB w/o D supplemented with glucose (55mM) in a 96 well plate at pH 11 and at pH 
8 (positive control) and incubated at 37°C for 24 hours. OD600 was measured after 24 hours. 
The mutants which had poor growth at pH 11 (OD600< 0.1) and high growth at pH 8 were re-
screened for confirmation. 
 
 The second method of screening was developed to overcome the inconsistency of the 
results of the first method. In this method, replica plating (R2383-1EA, Sigma-Aldrich®) onto 
BHI agar at pH 8 and at pH 11 was used. The high pH in the media was maintained by CAPS 
buffer (Sigma®) (100mM), and the growth was observed after 24 hours of incubation at 37°C. 
The mutants showing deficient growth at pH 11 plates were repeated to confirm the results.  
 
 All the presumptive mutants having deficient growth using the liquid media method 
showed similar growth to wild type when repeated. None of the screened presumptive 
mutants using the replica plating method showed difference in growth between pH 8 and pH 
11 (Figure 4). 
 
3.2 Mutation	of	the	targeted	genes	Ef0114	and	Ef1927	
 Approval from  the University of Otago Institutional Biological Safety Committee 
(IBSC) to construct mutants of E. faecalis was obtained on the 20th of December 2016, 
(APP201859: GMD101717).  
3.2.1 Screening	for	vancomycin	resistance	
 According to the (IBSC) approval, no genetic transformation may involve 
vancomycin-resistant strains of E. faecalis. Three strains of E. faecalis (V583, JH2-2, and 
AS1) were screened for vancomycin-resistance genes by PCR; specifically VanA and VanB 
(Table 7). VanA confers resistance to both vancomycin and teicoplanin, while VanB confers 
resistance only to vancomycin.  
 43 
 
            
(a)                                                                     (b) 
Figure 4- Replica plating of the transposon mutants on BHI plates (a) pH 8, (b) 





















Table 7. Primers used for detecting vancomycin-resistance genes in E. faecalis. 
Target gene Primer Sequence Expected 
product size 
(bp) 
VanA  vanA-fwd 
vanA-rev 
5’-GGGAAAACGACAATTGC -3’ 
5’- GTACAATGCGGCCGTTA -3’ 
732 
VanB  vanB-fwd 
vanB-rev 
5’-ACGGAATGGGAAGCCGA -3’ 
5’- TGCACCCGATTTCGTTC -3’ 
647 


























 Only VanB was detected in E. faecalis V583 strain (Figure 5). Therefore, V583 was 
excluded from the genetic modification according to the IBSC approval. AS1 and JH2-2 were 
selected for further genetic modification because they lack both VanA and VanB (Figure 5). 
3.2.2 Generation	 of	 electrocompetent	 cells	 of	 JH2-2,	 AS1	 and	 OG1Rf	
strains	
3.2.2.1 Glycine	method	
 Electrocompetent cells were produced according to (Holo and Nes 1989); 5ml of M17 
medium (BD DifcoTM, USA) was inoculated with a single colony of E. faecalis and incubated 
overnight at 37°C aerobically. The culture was used to inoculate SGM17 media (Appendix 
9.9) (100 ml) with a range of glycine concentrations to determine the optimum concentration 
for each strain facilitating growth to OD600 = 0.3-0.7 within 24 hours at 37°C. OD600 was 
measured immediately after inoculation and at 6, 12 and 24 hours.  
 
 Bacteria were collected by centrifugation (1000 x g for 10 minutes at 4 °C) and 
washed three times with 100 ml of ice-cold electroporation buffer (0.5 M sucrose and 10% 
glycerol adjusted to pH 7). Cells were re-centrifuged after each wash and finally suspended in 
1 ml of electroporation buffer, divided into 40 µl aliquots and stored at -80°C. Competency 
of the cells was assessed using pFX3 as a positive control. 
3.2.2.1.1 Results:	
 The highest concentration of glycine that promoted sufficient growth of strain AS1 
(i.e. OD600 value > 0.2) after 24 hours was 5% (Figure 6). The highest concentration of 
glycine that allowed sufficient growth of strain JH2-2 was 8% (Figure 7). Competent JH2-2 
cells were successfully transformed at a rate 106 CFU/ml/ng DNA. However, AS1 cells did 
not yield any transformations, either due to the inability of pFX3 to replicate in AS1 or due to 
the lack of competency of the cells. 
 
3.2.2.2 Lysozyme	method	
 Electrocompetent cells were generated according to (Bae et al. 2002). An overnight 
BHI culture of the E. faecalis was diluted 1:10 or 1:20 in BHI and incubated at 37°C until it 






Figure 5- Agarose gel showing screening for vancomycin genes in several E. 
faecalis strains, Lane 1: VanA in V583, Lane2: VanA in JH2-2, Lane 3: Van A 
in AS1, Lane 4: negative control for VanA, Lane 5: VanB for V583, Lane 6: 
VanB for JH2-2, Lane 7: VanB for AS1, Lane 8: negative control for VanB, 
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Figure 6- Effect of various concentrations of glycine on growth of AS1 after 






Figure 7- Effect of various concentrations of glycine on growth of JH2-2 after 
















































































 The cells were harvested by centrifugation at (3000 x g, 10 minutes at 4 °C) and 
washed once with 10% glycerol. The cells were centrifuged (3000 x g, 10 minutes at 4 °C) 
and resuspended in lysozyme solution (25 µg/ml) and incubated for 20 minutes at 37 °C. The 
cells were centrifuged again (3000 x g, 10 minutes at 4 °C) and washed three times in ice-
cold electroporation buffer (0.5 M sucrose and 10% glycerol adjusted to pH 7) and suspended 
in 250-300 µl of the electroporation buffer. Aliquots (50 µl) were  stored at -80°C. 
3.2.3 Electroporation	parameters	
 Electroporation of E. faecalis JH2-2 (Holo and Nes 1989) involved pFX3 as a 
positive control for the transformation efficiency. Bacteria were thawed on ice and combined 
with the plasmid (5µl) (up to 1µg) . The preparation was transferred to an ice-cold 
electroporation cuvette (Gene Pulser® cuvettes, 0.2 cm gap, Bio-Rad, USA) and exposed to a 
single electrical pulse (25 µF and 2.5 KV) using Gene Pulser® II (Bio-Rad). 
 
 The cuvette was connected in parallel to a 200 fl resistor resulting in a time constant 
of 4.5-5 milliseconds.  Immediately following the discharge, the suspensions (50 µl) were 
mixed with 950 µl of ice-cold SGM17 containing MgCl2 (20 mM) and CaCl2 (2 mM) 
(SGM17MC) and left on ice for 5 minutes followed by incubation at 37°C for 2 hours. 
Aliquots (100 µl) were plated on selective streptococcal regeneration medium (SR) agar 
(Appendix 9.10) containing erythromycin (100 µg/ml) to recover single cross-over integrants. 
3.2.3.1 Survival	rate	after	electroporation	
 To determine the effect of electroporation on the survival of the bacteria, 50µl of 
competent cells were electroporated without addition of plasmid DNA. Subsequently, 950µl 
of SGM17 was added to the electroporated and non-electroporated suspensions, and the 
preparations were serially diluted and plated on BHI agar. Colonies were counted after 24 
hours incubation at 37°C. 
Results: 
 The bacterial count was 1.6 X 1010 CFU/ml without electroporation, and 2 X 109 





3.2.4.1 Construction	 of	 the	 gene	 replacement	 cassette	 containing	 the	
erythromycin	resistance	gene	
 The genomic DNA of E. faecalis strains AS1 and JH2-2 was obtained with the 
genomic DNA mini-kit (Qiagen). 
 
 Forward and reverse primers were designed to amplify the upstream and downstream 
flanking regions of Ef0114 and Ef1927 (Figure 8, Figure 9). SOEing primers were designed 
(with overlapping regions) at the reverse primer of the upstream and the forward primer of 
the downstream of the target gene as well as in the forward and reverse primers of 
erythromycin gene (ermAM) (Table 8). ermAM was amplified from pSLER1 and ligated into 
the upstream and downstream regions by PCR. The mutation cassette was generated using 
the forward primer of the upstream and the reverse primer of the downstream, then purified 
with the DNA clean-up kit (Nucleospin®). Using an insert:vector ratio of 3:1, the replacement 
cassette was ligated into pGEM-T-easy and transformed into E. coli DH5α.  
 
 After incubation for 24 hours, white colonies were selected on LB agar with IPTG 
(0.5mM), X-Gal (80µg/ml) and ampicillin (100µg/ml). The pGEM-T-easy plasmid with the 
replacement construct (pGEM-T-easy:DEf0114/erm, pGEM-T-easy:DEf1927/erm) were 
purified using mini-prep kit (Qiagen) and submitted for sequencing to verify the insertion. 
The final sequence of the Ef0114 replacement cassette in JH2-2 was longer (2813 bp) from 
that in AS1(2629) (Ef0114 and Ef1927 replacement cassettes are attached in appendices 9.13, 
9.14, 9.15). 
3.2.4.2 	E.	faecalis	transformation	with	pSL1190	
 ermAM was removed from  pSLER1 using NdeI endonuclease, and the plasmid was 
re-ligated to form pSL1190 (ampicillin resistance only).  pSL1190 was cloned into E. coli 
DH5a, and colonies were selected on LB agar with ampicillin (100 µg/ml). Sensitivity to 
erythromycin was confirmed by replica plating on LB agar with erythromycin (500µg/ml). 
 
 The cassettes constructed to replace Ef0114 and Ef1927 were each digested (with 
BamHI and PstI endonucleases) from (pGEM-T-easy:DEf0114/erm, pGEM-T-






Figure 8- Amplification of the upstream and downstream of EF0114/Ef1927 
and ermAM from pSLER1. The reverse primer of the upstream region of 
Ef0114/Ef1927 had overlapping region with the forward primer of  ermAM. The 
forward primer of the downstream region of Ef0114/Ef1927 had overlapping 














Figure 9- Gel electrophoresis of amplified upstream and down-stream regions of 
EF0114 and Ef1927; lane 1: upstream Ef0114 from JH2-2, lane 2: upstream 
Ef0114 from AS1, lane 3: negative control for upstream Ef0114, lane 4: down-
stream of Ef0114 in JH2-2, lane 5: down-stream of EF0114 from AS1, lane 6: 
negative control for down-stream of Ef0114, lane 7: upstream of Ef1927 from 
JH2-2, lane 8: upstream of Ef1927 from AS1, lane 9: negative control of 
Ef1927, lane 10: down-stream of Ef1927 from JH2-2, lane 11:down-stream of 
Ef1927 from AS1, lane 12: negative control of down-stream of Ef1927, lane 13: 



















Table 8. Primers used for construction of Ef0114 and Ef1927 replacement 
cassettes. 












































 Only the Ef0114 replacement cassette was successfully introduced, forming 
pSL1190:DEf0114/erm. The plasmid was purified using mini-prep kit (Qiagen). pSL1190: 
DEf0114/erm was used to electroporate E. faecalis JH2-2, however no transformants were 
obtained probably because it cannot replicate in E. faecalis. 
3.2.4.3 	E.	faecalis	transformation	with	pAS222	
 The pAS222 (Figure 10) is a thermosensitive plasmid that replicates at the permissive 
temperature of 28 °C, forcing genomic integration when the temperature is raised to 42 °C 
(Jonsson et al. 2009).  
 
 The replacement cassette of Ef0114 was digested from pGEM-T-easy with SphI and 
PstI, and with SphI and SpeI for the EF1927 replacement cassette, and subsequently ligated 
into pAS222 to form (pAS222:DEf0114/erm, pAS222:DEf1927/erm) and cloned in E. coli 
DH5a. The plasmids were purified with miniprep kit (Qiagen) and used to electroporate E. 
faecalis followed by plating on SR plates having tetracycline (10 µg/ml). However, no 
transformants were obtained either with the pAS222 alone or with that carrying the 
replacement cassettes.  
3.2.4.4 	E.	faecalis	transformation	with	pGEM-T-easy		
 The pGEM-T-easy (Figure 11) containing the replacement cassette of either Ef0114 
or Ef1927 was used as a suicide vector in large quantities to encourage integration into E. 
faecalis. (pGEM-T-easy:DEf0114/erm, pGEM-T-easy:DEf1927/erm) (1µg) were used to 
electroporate competent cells of JH2-2 followed by plating on SR plates having erythromycin 
(100 µg/ml). 
 
 Two mutants of Ef0114 and one mutant of Ef1927 were obtained but these were 
found to involve single cross over integration of the whole plasmid into the chromosome. 
Insertions of Ef0114 replacement cassette  and Ef1927 replacement cassette were confirmed 
by PCR using primers in (Table 8), and gel electrophoresis (Figure 12), (Figure 13). 
 
 However, screening of the mutants after more than 15 subcultures without antibiotic 
selection followed by plating on TSB plates with erythromycin (100 µg/ml) resulted in only 






Figure 10- Map of pAS222 plasmid with ampicillin resistance gene (amp) and 





























Figure 12- Gel electrophoresis showing screening for integrants for Ef0114 
replacement with ermAM in E. faecalis, lane 1 and 2: upstream of Ef0114 with 
ermAM from two mutants, lane 3: negative control, lane 4: positive control: 
pGEM-T-easy:DEf0114/erm, lane 5 and 6: downstream of Ef0114 and ermAM 
from the two mutants, lane 7: negative control, lane 8: positive control: pGEM-
T-easy:DEf0114/erm, lane 9 and 10: ermAM and Ef0114 from the two mutants, 
lane 11: Ef0114 from JH2-2, lane 12: ermAM from pGEM-T-




















Figure 13- Gel electrophoresis showing screening for integrants for Ef1927 
replacement with ermAM in E. faecalis, lane1: upstream of Ef1927 with ermAM 
from one mutant, lane 2: negative control, lane 3: positive control: pGEM-T-
easy:DEf1927/erm, lane 4: downstream of Ef1927 with ermAM from the same 
mutant, lane 5: negative control, lane 6: positive control: pGEM-T-
easy:DEf1927/erm, lane 7: Ef1927 from mutant, lane 8: Ef1927 from JH2-2, 





















 The backbone of pGEM-T-easy was modified by adding a chloramphenicol resistance 
gene (Cat) to allow for counter-selection of the mutants. Cat was amplified from pCJK72 
(Kristich et al. 2008) using forward primer with SacI site and a reverse primer with a PstI site 
(Table 9).The amplicon was purified with PCR clean up kit (Nucleospin®), and digested with 
PstI, and (pGEM-T-easy:DEf0114/erm, pGEM-T-easy:DEf1927/erm) were digested with PstI 
and EcoRV. 
 
 Digested Cat was ligated into (pGEM-T-easy:DEf0114/erm, pGEM-T-
easy:DEf1927/erm)  and cloned in E. coli DH5a. The modified pGEM- T- easy was purified 
with the mini-prep kit (Qiagen) and insertion of Cat was confirmed by PCR (Figure 14). The 
modified pGEM-T-easy plasmid was electroporated into E. faecalis JH2-2 followed by 
plating on SR plates having chloramphenicol (20 µg/ml). However, no transformants were 
obtained. 
3.2.5 Complete	deletion	mutation	
 The deletion of Ef0114 and Ef1927 was undertaken in Prof. Gary Dunny’s lab in the 
Microbiology Research Facility, University of Minnesota, USA.  
3.2.5.1 	Construction	of	Ef0114	and	Ef1927	deletion	cassette	
 Primers were designed to amplify the upstream and downstream flanking regions of 
Ef0114 and Ef1927 from strains JH2-2 and OG1Rf (Table 10). A BamHI site was included in 
the forward primer of the upstream region and SphI in the reverse primer of the downstream  
region to facilitate further cloning. 
 
 The primers were designed to include an overlapping region allowing for SOEing, 
where the overlapping region included the first and the last nine base pairs of the coding 
sequence to make sure the start and the stop codons were included in the deletion cassette. 
 
 The upstream and the downstream regions of each of the two genes were amplified 
using PfuUltraII Fusion HS DNA polymerase (Agilent, USA) according to the 




Table 9. Primers used for amplifying cat from pCJK72.  



































        
(a)                                                                                   (b) 
Figure 14- Gel electrophoresis of Cat amplicon (612 bp), (a) lane 1: Cat 
amplified from pCJK72, Lane 2: 1 Kb ladder (b) Lane 1: Cat from modified 
pGEM-T-easy:DEf0114/erm, lane 2: Cat from modified pGEM-T-































Table 10. Primers used to amplify upstream and down-stream flanking regions 
of Ef0114 and Ef1927.  














































 Four deletion inserts were formed: DEF0114J, DEF0114O, DEF1927J, and 
DEF1927O; where J refers to strain JH2-2 and O refers to strain OG1Rf. The constructs were 
ligated to pGEM-T-easy according to the manufacturer’s protocol with an insert:vector ratio 
of 3:1, followed by heat shock transformation into E. coli DH5a. Transformants were 
selected on LB agar (IPTG0.5mM, X-Gal 80µg/ml and ampicillin 100µg/ml) and white 
colonies were recovered for screening by PCR. 
 
 DEF0114J, DEF0114O, DEF1927J constructs were successfully cloned into E. coli 
DH5a. The plasmids were purified using the mini-prep kit (Qiagen), and the inserts were 
confirmed by sequencing. 
3.2.5.2 	E.	faecalis	transformation	with	pCJK128		
 pCJK218 is a thermosensitive plasmid containing the chloramphenicol resistance 
gene (Cat) and the X-gal marker for blue and white screening for transformants (Figure 15). 
 
 The cassettes constructed to engineer deletion of Ef0114 and Ef1927 (page 58) were 
digested from pGEM-T easy, re-ligated into pCJK218 and cloned into E. coli DH5a. The 
plasmids were purified using the miniprep kit and electroporated to E. faecalis JH2-2 and 
OG1Rf. 
 
 Transformants were selected on BHI agar with chloramphenicol (20 µg/ml) and x-gal 
(150 µg/ml) at 28 °C. Isolated blue colonies were picked and grown in BHI with 
chloramphenicol (20 µg/ml) until they reach OD600= 0.2. The temperature was then shifted to 
42 °C for 2-3 hours. Cultures were serially diluted and plated on BHI agar with 
chloramphenicol (20 µg/ml) and x-gal (150 µg/ml).  Blue colonies were re-streaked on the 
same medium and incubated at 42°C to obtain integrants. Serial passage for 2 overnight 
cultures of 2 or 3 colonies was made to allow for the second cross over and healing. Finally, 
the colonies were serially diluted and plated onto MM9YEG agar (Appendix 9.11) containing  
phenylalanine (10mM), and x-gal (150 µg/ml). After incubation at 37°C overnight, white 
colonies were screened by PCR to confirm deletion of the targeted gene. The DEf0114 
mutant was obtained for strain OG1Rf (Figure 16) but not for JH2-2. In addition, all 
presumptive mutants screened for DEf1927 reverted to the wild type although the integration 






Figure 15- Map of pCJK218 thermosensitive plasmid containing 


















Figure 16- Screening for DEf0114 mutants, Lane 1,2,3,5 mutants having smaller 
size amplicon (deletion insert), Lane 4: transformant reverted to wild type 
having faint amplicon of corresponding size (4000 bp) of the undeleted gene, 





Figure 17- Screening for DEf1927 mutants, lanes 1-11 Ef1927 integrants of 
similar size as the wild type, Lane 12: Wild type strain JH2-2 (undeleted gene), 
Lane 13: 1Kb ladder. 















3.3 Complementation	 of	 Ef0114	 and	 Ef1927	 mutants	 and	
overexpression	in	the	wild	type	strain	OG1Rf		
 Complementation and overexpression of EF0114 and EF1927 were undertaken with 
the expression vector pJW76 pCIE-tetM (Figure 18), that uses the PrgQ cCF10 pheromone-
responsive promoter and its repressor PrgX from the E. faecalis plasmid pCF10 for regulated 
transcription of cloned genes (Borrero et al. 2015; Chatterjee et al. 2013). 
 
 pJW76 pCIE-tetM, when used with a promoterless insertion of the cloned gene, is 
tightly repressed in the absence of phermone cCF10 and is activated by added cCF10 at 
nanogram-per-milliliter concentrations (Weaver et al. 2017). cCF10 (LVTLVFV) is a natural 
peptide sex pheromone secreted by E. faecalis that induces conjugation and the transfer of 
pCF10 from donor cells to recipient cells (Bensing and Dunny 1997). 
3.3.1 Primer	Design	for	amplifying	Ef0114	and	Ef1927	
 Primers were designed to amplify Ef0114 and Ef1927 from E. faecalis strain OG1Rf 
(Table 11). The forward primer incorporated a BamHI site, and the reverse primer a NheI 
restriction site. Ef1927 is reversely transcribed, so the forward primer was designed in the 
downstream flanking region and the reverse primer in the upstream flanking region to ensure 
correct orientation in the complementation plasmid.  
3.3.2 Construction	of	the	complementation/	overexpression	plasmid		
 Ef0114 and Ef1927 were amplified from OG1RF using PfuUltraII Fusion HS DNA 
polymerase, according to the manufacturer’s protocol. The correct size was confirmed by gel 
electrophoresis (Figure 19). The two amplicons were purified with PCR clean up kit 
(Nucleospin®). The amplified genes and pJW76 pCIE-tetM were double digested with 
BamHI and NheI, then ligated to form the complementation plasmids. These were cloned into 
E. coli DH5a and purified using the miniprep kit (Qiagen). The cloned genes were sequenced 
to confirm correct construction.  
 
 The pJW76:Ef0114 complementation plasmid was electroporated into the DEf0114 






























































Figure 19 Gel electrophoresis of Ef0114 and Ef1927 amplicons. Lane 1,2: 


























 The pJW76:Ef1927 complementation plasmid was similarly electroporated into two 
Ef1927 transposon mutants and into the OG1Rf wild type; plasmid containing strains were 
selected on BHI agar with tetracycline (10µg/ml) at 37°C. pJW76 was electroporated into E. 
faecalis strains DEf0114, Ef0114-tn-1, Ef1927-tn-1, Ef1927-tn-2, and OG1Rf wild type to 
exclude the effect of either the empty plasmid or the induction pheromone in the comparison 
experiments. 
 































 E. faecalis is one of the most commonly isolated species from failed root canal 
treatment with reports of prevalence in secondary root canal infection ranging from 30 to 
80% (Hancock et al. 2001; Zoletti et al. 2006). This species is one of the most common 
nosocomial infections and have established resistance to antibiotics. Within the root canal, E. 
faecalis forms a biofilm and withstands  the alkalinity caused by calcium hydroxide, the most 
commonly used medication. 
 
 Strains of E. faecalis vary considerably in their virulence; determined by their ability 
to cause disease in animal models and their antibiotic resistance (Anderson et al. 2018; Creti 
et al. 2004). Root canal isolates have fewer recognised virulence genes than isolates from 
either food or saliva. However, 73.7% of the root canal isolates produce biofilms in vitro 
(Anderson et al. 2015). Saliva isolates from patients with endodontic infections were 
compared to reference strain ATCC 29212 for their alkaline tolerance. Two of the 20 tested 
strains survived the extreme pH of 12.5 for 48 hours, unlike the ATCC 29212 strain which 
was viable only for 24 hours (Weckwerth et al. 2013). Yet the root canal isolates might still 
have a different alkaline tolerance from the saliva isolates. 
 
  Due to the high clonal diversity within the E. faecalis species (Zoletti et al. 2011), the 
aim in this study was to compare the alkaline tolerance and biofilm formation in root canal 
isolates  to V583 strain (a reference strain isolated from bloodstream of a bacteraemia patient, 
and the first vancomycin-resistant isolate in the USA) (Zarlenga et al. 1992), JH2-2 (a mutant 
of a clinical isolate from a patient in Hammersmith hospital in 1973) (Jacob and Hobbs 
1974), and to OG1Rf (an oral isolate) (Dunny et al. 1978). 
 
 A proposed mechanism for alkaline tolerance involves the glycerol facilitator 
membrane protein (Cathro 2016). The ability of E. faecalis to grow in an alkaline medium 




 In this study, the mechanism underlying alkaline tolerance was investigated by 
various approaches; firstly by comparing growth parameters at high pH and neutral pH. 
Secondly, by enumerating the survivors following incubation in high pH buffer in order to 
determine the influence of the availability of nutrients on survival. Thirdly, by investigating 




 Extracted root-canal filled teeth were collected from the Oral and Maxillofacial 
Surgery Clinic (Faculty of Dentistry, University of Otago),  immediately placed in sterile 
saline and stored at -80°C (Chugal et al. 2011). Approval to collect and use human teeth was 
obtained from the University of Otago Human Ethics Committee (reference: H16/062) 
(Appendix 9.16). 
 
 Samples from the root canals were collected according to the protocol of Gomes et al. 
(2006) with modification. Using aseptic technique, the apex of the tooth was sectioned with a 
fissure bur and discarded. Some of the root canal filling material was removed with files and 
the canal was flushed with saline. A stainless-steel K-file was introduced into the canal with 
the application of a gentle filing motion, transferred into TSB (1 ml), and vortexed for one 
minute. The TSB was incubated for 24 hours and streaked onto M-Enterococcus agar (BD 
DifcoTM, New Jersey, USA). Replicate agar plates were incubated aerobically and 
anaerobically at 37°C for 24 hours and examined for colonies resembling E. faecalis 
(Weckwerth et al. 2013). Presumptive E. faecalis colonies were re-streaked and confirmed by 
DNA sequencing using 16S rDNA primers (Paster et al. 2001) (Table 12), run on agarose gel 
(Figure 20), and purified using PCR clean up gel extraction kit (Nucleospin®). Raw 
sequencing data was edited using FinchTv software (Figure 21), and uniform signals were 
“blasted” for matching 16S ribosomal DNA sequence (bacteria and archaea) in the National 






Table 12- Primers used for 16S rRNA sequence determination (Paster et al. 
2001). 





























Figure 20- Gel electrophoresis of 16S rDNA amplicons from presumptive E. 
faecalis colonies. Predicted size ~1500bp. Lane 1 to 3: amplified DNA from 










Figure 21- Signal intensity measurement from a chromatogram for16s rDNA 
amplified from E. faecalis strain AS1 (FinchTV software). 
 
 











 The aim was to determine the optimum glycerol concentration for comparison with 
glucose in supporting the growth of E. faecalis. E. faecalis JH2-2 was grown overnight in 
TSB (10 ml) at 37°C and then diluted 1/100 in TSB. TSB w/o D supplemented with either 
glycerol (0.006M, 0.0138M, 0.023M, and 0.0276M), or glucose (0.0138 M) were adjusted to 
pH 8. The diluted culture was used to inoculate 200µl of each of the various tested media in a 
96-microtiter plate which was then incubated in a plate reader at 37°C. OD600 was measured 
at two hours intervals for 24 hours.  
The doubling time was calculated from the exponential growth curve according to the 
equation: 
Td=ln2/B (i.e. td=0.693/B) where y=AeBx 
Where Td is the doubling time in hours (Chakraborty and Kenney 2018) 
The lag phase was calculated as the time elapsed before the start of the exponential growth 
phase (Prats et al. 2008). 
4.2.2.2 Optimizing	the	pH	used	for	neutral	and	alkaline	comparison		
 The aim was to determine the pH for optimum growth of E. faecalis and the 
appropriate pH to be used for alkaline tolerance experiments. The growth parameters of E. 
faecalis were compared over the pH range of 7 to 12. 
 
 E. faecalis JH2-2 was grown in an overnight culture in TSB (10 ml) at 37°C and then 
diluted to 1/100 in TSB. TSB at pH ranging from 7 to 12. The diluted cultures were used to 
inoculate 200µl of each medium in a 96 well microtiter plate. Incubation was at 37°C and 
OD600 was measured at two hours intervals for 24 hours. 
4.2.2.3 Effect	of	pH	on	growth	rate	
 Overnight cultures of E. faecalis isolates were used to inoculate 200 µl of TSB w/o D 
(BD Bacto TM) supplemented with either glucose or glycerol to final concentrations of 55mM 
and adjusted to either pH 8 or 11.  Cultures were dispensed (200 µl) into 96 well plates 
(Cellstar®), incubated at 37°C and the OD600 was measured every 2 hours. Lag phase, 
doubling time, and the OD at the end of exponential phase and stationary phase were 




 Overnight BHI cultures of E. faecalis were diluted 1/10 in BHI and incubated at 37 
°C until reaching OD600=1. Each culture was diluted 1/ 10 into PBS adjusted to pH 8 and pH 
11. Surviving bacteria were determined at the beginning and after 24 hours of incubation at 
37 °C. Due to the inherent variability, viability of the strain OG1Rf  at pH 11 was repeated 
five times independently.  
4.2.3 Biofilm	formation	
4.2.3.1 Biomass	assay		
 The biomass assay was according to the protocol of (Kwasny and Opperman 2010). 
After growing for 48 hours in 96 well plates, the plate was washed and dried at 60 °C for one 
hour. 100 µl of crystal violet (1 %) were added to each well, the plates was shaked (150rpm) 
for 15 minutes and washed. Plates were dried for one hour at room temperature. 100 µl of 30 
% acetic acid was used to solubilize the biofilm and OD600 was measured.  
4.2.3.2 	Metabolic	activity	assay	
 This assay quantifies the viable bacteria in the biofilm by measuring their metabolic 
activity through the reduction of resazurin (alamar blue) into fluorescent resurfin (Peeters et 
al. 2008). Biofilms of E. faecalis were developed for 48 hours in TSB w/o D containing 
either glucose or glycerol (55mM) in 96 well plates. The supernatant was replaced by the 
same media adjusted to either pH 8 or pH 11 and incubation continued for 24 hours. The 
supernatant was removed, the wells washed with PBS (100µl), further 100µl PBS added to 
the wells, 10µl of resazurin (10 %) was added and plate incubated for one hour at 37ºC. The 
fluorescence was measured at excitation 560nm and emission 590nm.  
4.2.3.3 Effect	of	pH	change	on	microscopic	structure	of	the	biofilm		
 To replicate the stress induced by the alkalinity of calcium hydroxide used in the 
treatment of root canals, biofilms were formed under neutral pH conditions then subjected to 
pH 11. 
 An overnight culture (10 ml) of OG1RF was used to inoculate 1ml TSB w/o D 
supplemented with either glucose or glycerol at pH 8 in a 24 well plate (Cellstar®) each 
containing an Aclar disc. The biofilm was developed on Aclar discs for eight hours at 37°C 
and the media was replaced by pH 11 media. Controls involved bacteria grown at both pH 8 
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and pH 11 for eight hours then the media was replaced with media of the same pH and 
incubation continued for another 16 hours. Aclar discs were processed according to (Dale et 
al. 2017). (Section 2.5). 
4.3 Results	:	
 Fifty teeth were collected and processed to isolate E. faecalis, from which seven 
strains of E. faecalis were isolated on M-enterococcus agar and identified by 16s rDNA 
sequencing. The strains were designated AS1 to AS7 with the order of their isolation. 
4.3.1 Optimizing	glycerol	concentration	for	growth	of	E.	faecalis	
 Various concentrations of glycerol were tested. The first one was based on molarity, 
where the same molarity of glucose was used. The concentration of dextrose in TSB is 0.25 
% (w/v) (13.8mM). The second one was calculated through the energy equivalent “ATP”, 
where one molecule of glucose yield 38 ATP molecules, and one molecule of glycerol yields 
22ATP molecules; thus 1M of glucose is equivalent to 1.72 M of glycerol (0.0138 M X 1.72= 
0.023M glycerol) (Sauvageot et al. 2012). The third one was carbon equivalence. Thus 1 M 
of glucose is equivalent to 2 M of glycerol (0.0138 M X 2= 0.0276 M glycerol). The fourth 
one was following (Bizzini et al. 2010), where they used 0.5% w/v glucose and 0.3% w/v 
glycerol, thus glucose at 13.8 mM and  glycerol at  6mM. 
 
 The growth of JH2-2 strain in media containing glycerol was generally slower than 
the one with glucose (Figure 22). Exponential growth curves are attached (Appendix 9.33).  
 
 The fastest doubling time was in (23 mM) glycerol with energy level equivalent to 
(13.8 mM) glucose (Table 13), with only 11 seconds different from the glycerol with equal 
molarity  to glucose (13.8 mM). However, the final biomass was greater when the media 
contained a glycerol concentration of equal molarity to glucose. The growth in glycerol-
containing media of equal molarity to glucose yielded the closest combined growth kinetics 
and therefore was used for subsequent growth and biofilm experiments. 
4.3.2 Optimizing	the	pH	used	for	neutral	and	alkaline	comparison	
 The optimum growth of E. faecalis JH2-2 was at pH 8 (Figure 23). Exponential 
growth curves are attached ( Appendix  9.34). The shortest doubling time (47 minutes)  was 













Figure 23- Effect of starting pH on growth of E. faecalis JH2-2.  




















































OD600 at the end of 
exponential phase 
Glucose (13.8mM) 16.3 2 0.331 
Glycerol (6mM) 100.2 8 0.154 
Glycerol (13.8mM) 15.9 2 0.188 
Glycerol (23mM) 15.7 2 0.133 






Table 14- Effect of starting pH on growth kinetics of E. faecalis JH2-2.  
pH doubling time (minutes) lag phase (hours) 
OD600 at the end of 
exponential phase 
pH 7 50.9 2 0.446 
pH 8 47.3 2 0.5 
pH 9 49.3 2 0.456 
pH 10 57.1 4 0.394 
pH 11 65.4 6 0.337 











With increasing pH, the lag phase is more prolonged, reaching a minimum of 12 hours at pH 
12. Therefore, pH 8 was selected as the optimum pH for growth of E. faecalis, and pH 11 
was selected for the appropriate pH for subsequent alkaline tolerance experiments. 
4.3.3 Effect	of	glucose	metabolism	on	alkaline	tolerance	
 At pH 8 in glucose-containing TSB w/o D, the growth curves varied among the 
strains (Figure 24). Strains AS1 and AS3 generated the highest final culture densities, while 
AS6 and AS7 generated the lowest. The doubling times ranged from 17 minutes (strain AS1) 
to 39 minutes (strain AS3), with an average of 28.78 minutes (Table 15) (exponential curves  
Appendix 9.17). The lag phase for most strains was around 4 hours, except for strain AS1 
which was about 2 hours. All strains reached the end of their exponential growth after 8 
hours, except for AS1. In addition, AS1 had the highest culture density after 48 hours of 
growth, while AS6 had the lowest. Strain AS1 exhibited the optimum growth (shortest 
doubling time and lag phase and highest culture density after 48 hours) when supplemented 
with glucose at pH 8. 
 
 At pH 11 in media containing glucose, the variation among strains was more than at 
pH 8 (Figure 25), (Table 16). V583, AS4, and AS5 had the highest densities after 48 hours, 
while AS2 had the lowest. AS1, AS4, AS5, and OG1RF had the shortest lag phases. On the 
other hand, AS2, AS6, AS7, and V583 took about 20 hours to start the exponential growth. 
Strain JH2-2 was the fastest to grow during the exponential phase having a 29.7 minutes 
doubling time. In contrast, AS2 had the longest doubling time of 76.5 minutes (Appendix 
9.18). In general, all strains exhibited longer lag phases (exceeding 12 hours) compared to pH 
8.  
4.3.4 Effect	of	glycerol	metabolism	on	alkaline	tolerance	
 In media containing glycerol instead of glucose, at pH 8 E. faecalis strains generated 
less density (Figure 26), (Table 17). AS2 produced the highest culture density after 48 hours, 
while JH2-2 had the lowest. 
 
 All strains had rapid doubling times compared growth on glucose (Appendix 9.19). 
However, they reached a comparatively low densities after which they continued to grow 
slowly. The lag periods ranged between two and four hours, where AS1, AS3, AS5, and AS6 





Figure 24 – Comparison of growth of E. faecalis strains in TSB w/o D- glucose 
at pH 8. 
 
Figure 25- Comparison of growth of E. faecalis strains in TSB w/o D- glucose 
































































Lag phase (hours) 








AS1 17.3 2 0.701  0.827   
AS2 38 4 0.663  0.664   
AS3 38.9 4 0.758  0.814   
AS4 27.1 4 0.605  0.699   
AS5 27.9 4 0.627  0.676   
AS6 33.4 4 0.392  0.532   
AS7 29.3 4 0.503  0.539   
JH2-2 18.7 4 0.603  0.672   
V583 28.7 4 0.529  0.631   




















Lag phase (hours) 








AS1 56.6 14 0.397  0.549   
AS2 76.5 20 0.278  0.393   
AS3 48.3 16 0.395  0.64   
AS4 53.3 14 0.569  0.749   
AS5 48.7 14 0.582  0.769   
AS6 46.2 20 0.347  0.539   
AS7 37.9 20 0.327  0.592   
JH2-2 29.7 16 0.326  0.654   
V583 41.1 20 0.400  0.788   














Figure 26- Comparison of growth of E. faecalis strains in TSB w/o D- glycerol 
























































Lag phase (hours) OD600 at the end 
of exponential 
phase 




AS1 12.7 2 0.231   0.662  
AS2 26.4 4 0.158   0.718  
AS3 15.4 2 0.071   0.584  
AS4 24.2 4 0.257   0.476  
AS5 16.4 2 0.052   0.426  
AS6 16.1 2 0.057   0.532  
AS7 22.7 4 0.089   0.514  
JH2-2 19.8 4 0.032   0.382  
V583 27 4 0.285   0.665  



















 AS1 exhibited a short doubling time of 12 minutes to be among the fastest to grow in 
both glucose and glycerol media at pH 8. On the other hand, V583 and AS2 had the longest 
doubling times of 27 and 26 minutes respectively. AS2 reached the highest density after 48 
hours. 
 
At pH 11 in a media containing glycerol (Figure 27), (Table 18) AS4 and AS5 had the 
shortest lag phases (ten hours) compared to AS2 and AS6 (20 hours). AS7 grew fastest with a 
doubling time of 37 minutes after an 18 hours lag phase. In contrast, AS1, which exhibited 
the shortest doubling time in pH 8 in both glucose and glycerol media, had the longest 
doubling time in glycerol media at high pH reaching about 74 minutes. 
 
 On the other hand, half of the tested strains exhibited shorter doubling times (AS2, 
AS3, AS4, AS5, And AS7) while the rest had longer doubling time compared to their growth 
with glucose. AS1 was the only strain to generate longer lag phase in glycerol media than 
when grown with glucose. Other strains either had the same or shorter lag phases. 
4.3.5 Effect	of	pH	11	on	bacterial	viability	
 Viability was measured following incubation in PBS at pH 8 to assess bacterial 
survival without nutrients (Figure 28). All strains maintained viability after 24 hours. 
 
 However, at pH 11 there was significantly lower survival; all strains recorded a 
decrease of four to five orders of magnitude. Strain JH2-2 was the most alkali-tolerant while 
the least tolerant was strain AS5 (Figure 29).  
 
 The large variation in survival among strains of E. faecalis raised concern about the 
repeatability of these findings, so the experiment was repeated five times with strain OG1RF. 
At pH 8 (Figure 30) there was slight not consistent decrease in the viability after 24 hours. 
However, at pH 11 (Figure 31) there was considerable variability (ranging over four log 









Figure 27- Comparison of growth of E. faecalis strains in TSB w/o D- glycerol 


























































AS1 74 16 0.0766  0.297   
AS2 52 20 0.188  0.325   
AS3 46.5 14 0.193  0.285   
AS4 50.3 10 0.244  0.326   
AS5 45.7 10 0.204  0.309   
AS6 51.1 20 0.221  0.266   
AS7 37.2 18 0.158  0.357   
JH2-2 49.5 12 0.145  0.172   
V583 52.3 14 0.261  0.426   

















   
 
 
Figure 28- Effect of incubation at 37°C for 24 hours in PBS at pH 8 on the 




Figure 29- Effect of incubation at 37°C for 24 hours in PBS at pH 11 on the 















































































Figure 30- Reproducibility of viability determination for strain OG1Rf 
following incubation at 37°C for 24 hours in PBS at pH 8. The experiment was 
repeated five times and three samples were recovered and plated at each time 
point (Mean CFU/ml +/- SD). 
 
 
Figure 31- Reproducibility of viability determination for strain OG1Rf 
following incubation at 37°C for 24 hours in PBS at pH 11. The experiment was 
repeated five times and three samples were recovered and plated at each time 



































































 The purpose of this study was to compare the biofilm-forming ability of the root canal 
isolates to the non-root canal isolates in the presence of glucose and glycerol at pH 8 and pH 
11.  
 
 Biofilm formation was highly influenced by the available carbohydrate and the pH of 
the media (Figure 32). Significantly thicker biofilm mass was formed in glucose than in 
glycerol (p< 0.001). Similarly more biofilm was formed at pH 8 compared to pH 11 
irrespective of the carbohydrate (p<0.001). 
 
 In glucose media at pH 8 (Figure 33), there was no significant difference in the 
biofilm biomass between all tested strains of E. faecalis; the root canal isolates produced 
comparable biofilms to the non-root canal isolates. While at pH 11, strains V583 and AS3 
produced significantly more biofilm compared to other strains (p<0.05). In addition, V583 
and AS3 produced more biofilm at pH 11 compared to pH 8. Strains AS2, AS4, AS5, AS6, 
and JH2-2 produced the least biofilm at pH 11 compared to other strains (p<0.05). 
 
 In glycerol media at pH 8 (Figure 34), AS1 and OG1Rf had a significantly higher 
biofilm compared to AS2, AS4, and AS5 (p<0.05). Although AS3 was among the higher 
biofilm formers at pH 8, there was no significant difference between this strain and other 
strains. AS2, AS4, AS5, and AS6 were again the poorest biofilm formers in the glycerol 
media at pH 8. At pH 11, AS7 and OG1Rf had significantly higher biofilm compared to all 
other strains (p<0.001), followed by AS3 which was higher than all the strains except for 
AS1 and JH2-2 (p<0.005). AS2, AS4, AS5, and AS6 were again among the poorest biofilm 
formers, however, there was no significant difference between them and the rest of the strains 
except for AS3, AS7, and OG1Rf.  
4.3.7 Effect	 of	 carbon	 source	 (glucose	 and	 glycerol)	 on	 biofilm	
metabolic	activity	at	pH11	
 The influence of the form of carbohydrate on the metabolic activity of biofilm 





Figure 32- Comparison of the biofilm mass formed by E. faecalis strains in 
media containing glucose versus glycerol at pH 8 and pH 11, determined by the  
crystal violet assay. Between all strains biofilm was thicker in glucose than 
glycerol (p< 0.001), and at pH 8 than at pH 11 (p<0.001). 
 
 
Figure 33- Comparison of the biofilm mass formed by E. faecalis strains in 

















































Figure 34- Comparison of the biofilm mass formed by E. faecalis strains in 
media containing glycerol at pH 8 and pH 11,  determined by the crystal violet 
assay. 
 
Figure 35- Effect of carbohydrate (glucose and glycerol) and pH on metabolic 
activity of E. faecalis. Between all strains, metabolic activity was higher in 













































 When the biofilms formed at pH 8 in the presence of glucose and was subsequently 
subjected to pH 8, there was significance difference between strain AS4 which had the lowest 
metabolic activity, and strain OG1Rf which had the highest activity (p<0.05). However, 
when the biofilms were subjected to pH 11, The highest metabolic activity was displayed by 
strain V583 and the lowest by strains AS4, and AS5 (p<0.005). There was no significant 
difference in metabolic activity between strains when the biofilm was formed in glycerol and 
subsequently subjected to either pH 8 or pH 11 (Figure 35). 
 
The metabolic activity was significantly higher when biofilms were formed in glycerol 
compared to glucose  (p<0.0001). There was no difference between the metabolic activity of 
glycerol-supplied bacteria when subsequently subjected to pH 11 compared to pH 8.   
4.3.8 Microscopic	structure	of	the	biofilm	after	pH	shift	
 The biofilm formed at pH 8, in glucose-containing media showed variation among the 
two replicates (Figure 36). The biofilm on the second aclar disc replicate had more densely 
packed bacteria and small clumping compared to that formed on the first aclar.  
 
 However, in the media containing glycerol a lower bacterial density was evident 
compared to glucose with various degrees of clumping ranging from small clumps in one of 
the replicates to a big circular clump in the second replicate (Figure 37). 
 
 The biofilm formed at pH 11 in glucose-containing media was generally less dense 
than that formed at pH 8 (Figure 38). One replicate had very few bacterial cells, whereas the 
other had small aggregates attached to the aclar surface and the rest of the cells were washed 
away. On the other hand, in the media containing glycerol (Figure 39), there was more dense 
bacterial cells in the biofilm compared to the one formed in glucose-media with marked 
increase in the chains across the two replicates. Appearance of clumps was more in the 
second replicate than the first one. 
 
 When the biofilm was initially grown in glucose at pH 8 and subsequently shifted to 
pH 11 (Figure 40), the biofilm looked almost the same as the biofilm formed at pH 8 with 




     
(a)                                                                  (b) 
Figure 36 – Fluorescence micrographs of biofilm formed by E. faecalis OG1Rf 
strain on Aclar discs in TSB w/o D- glucose for 24 hours at pH 8. Biofilms was 
stained with the DNA label Hoechst 33342 (a) first replicate, (b) second 
replicate. Representative images at magnification of 20× (0.8 numerical 
















    
(a)                                                                     (b) 
   
     (c)        (d) 
Figure 37 –Fluorescence micrographs  of biofilm formed by E. faecalis OG1Rf 
strain on Aclar discs in TSB w/o D- glycerol for 24 hours at pH 8 and stained 
with the DNA label Hoechst 33342 (a, b) first replicate, (c, d) second replicate. 
Representative images at magnification of 20× (0.8 numerical aperture 






    
(a)                                                                   (b) 
Figure 38 - Fluorescence micrographs  of biofilm formed by E. faecalis OG1Rf 
strain on Aclar discs in TSB w/o D- glucose for 24 hours at pH 11 and stained 
with the DNA label Hoechst 33342 (a) first replicate, (b) second replicate. 



















    
(a)                                                                  (b) 
Figure 39 - Fluorescence micrographs  of biofilm formed by E. faecalis OG1Rf 
strain on Aclar discs in TSB w/o D- glycerol for 24 hours at pH 11 and stained 
with the DNA label Hoechst 33342 (a) first replicate, (b) second replicate. 




















    
(a)  (b) 
Figure 40 - Fluorescence micrographs  of biofilm formed by E. faecalis OG1Rf 
strain on Aclar discs in TSB w/o D- glucose for 8 hours at pH 8 followed by 16 
hours at pH 11 and stained with the DNA label Hoechst 33342 (a) first 
replicate, (b) second replicate. Representative images at magnification of 20× 
















    
(a)                                                                     (b) 
Figure 41 - Fluorescence micrographs  of biofilm formed by E. faecalis OG1Rf 
strain on Aclar discs in TSB w/o D- glycerol for 8 hours at pH 8 followed by 16 
hours at pH 11and stained with the DNA label Hoechst 33342 (a) first replicate, 
(b) second replicate. Representative images at magnification of 20× numerical 

















In contrast, the high pH shift in the biofilm formed in glycerol  demonstrated varying degrees 
of chaining (Figure 41).   
4.4 Discussion:	
 The prevalence of E. faecalis recovered in this study was 14% from 50 teeth screened, 
which is lower than reported prevalence of 30 to 80 % (Hancock et al. 2001; Pinheiro et al. 
2003a; Pinheiro et al. 2003b; Zoletti et al. 2006). 
 
 The lower prevalence in this study could be related to the fact that the reason for 
extraction for some of the teeth were restorability issues in a previously root-filled teeth 
rather than a failed root canal treatment. However, identification of the cause of extraction for 
each tooth after their collection was not possible. Another possible reason was that the 
isolation of the bacteria in this study was from the apical third of the canal rather than the 
coronal. The isolation approach avoided external contamination from salivary bacteria. 
However, other studies mainly isolated bacteria from the coronal part of the canal from 
patients with secondary infection.  
 
 The tolerance to high pH of a collection of E. faecalis strains varied considerably; 
some strains grew earlier but more slowly, while other strains had more prolonged lag phases 
then grew relatively quickly. These variations might indicate the involvement of different 
pathways to tolerate extreme alkaline stress. 
 
 The effect of glycerol metabolism on alkaline tolerance of E. faecalis was 
investigated because the glycerol facilitator membrane protein was upregulated under 
alkaline conditions (Cathro 2016). The provision of glycerol as an alternative source of 
energy may have added to the stress faced by E. faecalis strains, because the final culture 
densities of all strains at high pH in glycerol media were approximately half that produced in 
glucose media.  However, glycerol decreased the doubling time and improved the final 
culture density of the least tolerant strain (AS2) compared to its growth in glucose.  
 
 All strains of E. faecalis demonstrated low tolerance to high pH in the absence of 
nutrients. This supports the proposed mechanism of alkaline tolerance to be in adjunct with 
metabolic pathways that lead to progressive acidification of the alkaline environment 
(Weckwerth et al. 2013).  
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 The biomass assay is a simple method to compare biofilm formation, as it quantifies 
the viable cells, dead cells and extracellular matrix. The greater biomass formed at pH 8 
compared to pH 11 indicates that the bacteria do not respond to the high pH condition by 
forming a biofilm, but they might resist the high pH by being in the biofilm environment. 
Root canal isolates vary in their biofilm-forming ability, where some of them produce 
significantly more biofilm at high pH. However, there was no difference in the biofilm-
forming ability of root canal isolates from non-root canal isolates when supplied with glucose 
at pH 8. The biofilm formation is thus affected by the environmental conditions and 
availability of nutrients. 
 
 The biofilm biomass usually indicates the ability of bacteria to produce extracellular 
matrix and attach to surfaces. However, it does not indicate the ability of the bacteria to resist 
specific stresses or their viability in stressful conditions. Therefore, a better way of assessing 
the alkaline tolerance is to grow them in a biofilm environment formed under various nutrient 
conditions, then to test their metabolic activity after subjection to alkaline stress.  
 
 The similar metabolic activity at high pH compared to pH 8 demonstrates the ability 
to resist the alkalinity when in a biofilm environment. In addition, the higher metabolic 
activity of the biofilm bacteria when the biofilm was formed in glycerol reveals the effect of 
the availability of this nutrient in enhancing the alkaline tolerance of E. faecalis .  
 
 Root canal isolates displayed similar metabolic activity to non- root canal isolates 
when the biofilm was formed in glycerol. It was also noted that in the glycerol-formed 
biofilm the metabolic activity at pH 11 was either very close or slightly higher to the activity 
of the cells at pH 8. This higher activity might be due to the neutralization of the acidity of 
the biofilm, as a result of acidic metabolic products, by the alkalinity of the replacement 
media making the environment more favorable for surviving. 
 
 Therefore, the type of nutrients available for the bacteria during their biofilm 
formation profoundly impact the subsequent metabolic activity of the cells when subjected to 
alkaline stress. In the root canal, bacteria are usually in a nutrient-deprived environment, and 




 In order to investigate the effect of high pH stress on the architecture of the biofilm, 
two controls were included. The first control was to visualize the standard architecture of the 
biofilm formed after 24 hours at pH 8 while replenishing the media after 8 hours which is the 
period of exponential growth and after which the stationary phase begins. The second control 
was included to visualise the architecture of the biofilm formed under high pH stress and 
compare it to that formed at pH 8. Both controls aided as a guide to compare structural 
variation in the biofilm after pH shift. 
 
 The microscopic similarities between the biofilm formed at pH 8 in glucose to that 
formed with a high pH shift indicated the ability of the bacteria to resist alkaline stress when 
present in large numbers in the biofilm.  
 
 E. faecalis alters the biofilm architecture when subjected to antibiotic stress (Dale et 
al. 2017). Similarly, alkaline and nutrient deprivation stress caused a change in the biofilm 
architecture to form chains and clumps. The few chains appearing in the glucose-containing 
media after pH shift elucidate slight stress induced by the high pH on the biofilm bacteria 
grown in abundance of nutrients. However, the more dense chainy-architecture in the biofilm 
formed in glycerol after high pH shift might be related to nutrient depletion and high pH at 
the same time. After pH shift in glycerol-media, the cells started to form more chains and 
clumps that slowly resemble the biofilm formed solely in glycerol at high pH.  
4.5 Conclusion:	
 E. faecalis root canal isolates possess comparable tolerance to high pH as other (non-
root canal) isolates. The tolerance of E. faecalis strains to high pH depends on a number of 
factors that cannot be assessed with one experiment.  
 
 Strain AS2 had the least ability to grow at high pH. However, when provided with 
glycerol, its doubling time and the final density were improved. Therefore, glycerol might 
increase the tolerance to high pH. 
 
 Provision of glycerol improved the growth rate of all E. faecalis strains, but it 
decreased most of the strains’ final density in high pH. Although, glycerol did not increase 
the biofilm biomass, it significantly improved the ability to maintain the metabolic activity in 




 Despite the variations in the biofilm formed on Aclar discs between replicates, a 
consistent finding was that prolonged exposure to nutrient deprivation and high pH induce 
stress response as demonstrated by various degrees of clumping and chain formation.   
 
 Alkaline tolerance of E. faecalis depends to a great extent on the environmental 
conditions and the available nutrients. This tolerance decreases significantly under nutrient 




























 Glycosyl hydrolase in E. faecalis was first identified by Collin and Fischetti (2004) as 
a homolog of endoglycosidase EndoS of Streptococcus pyogenes. The glycosyl hydrolase is a 
secreted endoglycosidase consisting of two domain protein; α domain belonging to family 18 
glycosyl hydrolase (GH18) with endo-β-N-acetyl glucosaminidase activity, and β domain 
belonging to family 20 glycosyl hydrolase which hydrolyses complex type glycans of IgG. 
The enzyme was named EndoE (EF0114) in E. faecalis 
(https://www.ncbi.nlm.nih.gov/gene/?term=1199015).  
 
 Moreover, Garbe et al. (2014) proposed that EndoE has glycosidase activity against 
human lactoferrin. By removing the glycan chains, it counters the anti-biofilm activity of 
lactoferrin as well as providing a source of energy.  
 
 A proteomic analysis of E. faecalis membrane protein expression under alkaline 
conditions and nutrient deprivation revealed the upregulation of glycosyl hydrolase (Cathro 
2016), but its direct involvement in alkaline tolerance has not been determined. 
 
 Differences in the structure and function of N-acetyl glucosaminidases might affect 
their activity among strains of E. faecalis, which in turn might explain the involvement of 
glycosyl hydrolase in alkaline tolerance and nutrient deprivation.  
 
 The aims of this section was first to compare EndoE structure and activity among 
strains of E. faecalis and correlate it with their alkaline tolerance. Secondly, to assess the 
involvement of glycosyl hydrolase in alkaline tolerance by deleting or mutating EndoE and 
comparing the mutant to the wild type. Thirdly, to block N-acetyl glucosaminidase activity by 
PUGNAc (O-(2-acetamido-2-deoxy-d-glucopyransylidene)-amino-N-phenylcarbamate) a 
GlcNAc analogue that inhibits a variety of N-acetyl hexosaminidases (Park et al. 2005). This 
was followed by determining the effect of PUGNAc on the alkaline tolerance and biofilm 






 The Ef0114 was amplified from strains (AS1 to AS7), JH2-2, V583 and OG1Rf using  
forward and reverse primers (Table 19), followed by sequencing using the same primers and 
internal primers where necessary (Table 19). Detailed methods are given in (Section 2.7, 2.8, 
2.9, 2.11) 
 
 The DNA sequences were translated to amino acids and aligned using Unipro 
UGENE (ugene.net) to create a phylogenetic tree. Probabilities of mutations that might affect 
the protein function were made using SIFT (https://sift.bii.a-star.edu.sg). Swiss model 
(https://swissmodel.expasy.org) was used to predict the crystal structure and to establish 
resemblance to existing database structures. 
5.2.2 N-acetyl	glucosaminidase	(NAGase)	assay	
 The N- acetyl glucosaminidase (NAGase) assay measured the activity of one of the 
domains of EndoE in E. faecalis. NAGase hydrolyzes the synthetic colorimetric 4-
Nitrophenyl N-acetyl-b-D-glucosaminide (NP-GlcNAc) substrate under acidic conditions 
(pH ~4.7) at 37 °C. The enzymatic hydrolysis of the substrate releases p-nitrophenol (Bowers 
et al. 1980).  
 
NP-GlcNAc + H2O          NAGase        p-Nitrophenol + GlcNAc 
 
 Addition of the basic stop solution causes ionization of the p-nitrophenol to form the 
yellow p-nitrophenylate ion, measured at 405 nm.  
 
 The substrate was prepared by dissolving 10 mg of the N-Nitrophenyl N-acetyl- β -D-
glucosaminide (NP-GlcNAc, Product Code N9376, Sigma- Aldrich®) in 10 ml of 0.09 M 
citrate buffer (Appendix 9.12), and stored at -20 °C. The stop solution (0.4 M Na2CO3) was 
prepared by dissolving sodium carbonate (5g) in 118 ml of ultrapure water. 
 
 The substrate solution (NP-GlcNAc 1mg/ml) was equilibrated at 37°C. The assay was 
prepared according to the manufacturer’s instruction by adding 33 µl of the sample (either the 
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cell pellet or the supernatant) to 300 µl of the substrate solution and incubating at 37°C for 30 
minutes. The reaction was stopped by adding 666 µl of the stop solution. The preparation was 
vortexed briefly and transferred to a cuvette. A blank reaction using 300 µl of the substrate 
solution with 33 µl of the sterile media and 666 µl of the stop solution was used to zero the 
spectrophotometer, and the absorbance was measured at 405nm. The activity of the enzyme 
was measured using the following equation (according to the manufacturer’s instruction): 
 
Units/ml = A405sample X 1 X DF 
                    18.3 X time X Venz 
Where  
Unit definition: 1 unit will hydrolyse 1.0 mmole of 4-Nitrophenyl N-acetyl-b-D-
glucosaminide to p-nitrophenol and N-acetyl-b-D-glucosaminide per 1 minute at pH 4.7 at 37 
°C 
A405sample – absorbance of the sample at 405 nm 
1 is the final volume after addition of stop solution (ml) 
DF – enzyme dilution factor 
18.3 – millimolar extinction coefficient for p-nitrophenolate ion  
time – minutes 
Venz – the volume of the sample (ml) 
5.2.2.1 	Effect	of	media	composition	and	pH	on	NAGase	activity		
 This experiment aimed to determine the growth condition required to obtain 
maximum activity of NAGase. E. faecalis V583 was grown in various media, and the activity 
of the enzyme was measured using a colorimetric assay. 
 
 An overnight TSB culture of E. faecalis strain V583 was diluted 1/20 in 5 ml of either 
TSB w/o D supplemented with either glucose (55 mM) or glycerol (55 mM) at either pH 8 or 
pH 11 and incubated at 37°C for 24 hours. The supernatant was recovered by centrifugation. 
The bacteria  were washed twice with PBS and then resuspended in PBS with similar volume 




 This experiment aimed to determine the optimal media stimulating NAGase for the 
bacteria grown in a biofilm. E. faecalis was grown in various media, and NAGase activity 
was measured using the colorimetric assay. 
 
 An overnight TSB culture of E. faecalis strain AS1 was diluted 1/20 in 5 ml of either 
TSB w/o D supplemented with either glucose (55mM) or glycerol (55mM) at pH 8 and 
incubated at 37ºC for 48 hours to form a biofilm at the bottom of a glass vessel. The medium 
was replaced with either the same media or with TSB w/o D and incubated for another 24 
hours. The vessel was vortexed to dislodge and homogenize the biofilm, and OD600 was 
measured to calculate the enzyme activity in relation to cell density. The cells were 
centrifuged (5000 x g, 10 minutes), and the NAGase activity associated with the supernatant 
was measured.   
The enzyme activity was divided by the optical density to get the activity relative to biomass 
(units/ml/biomass). 
5.2.4 N-	acetyl	glucosaminidase	activity	among	strains	of	E.	faecalis		
 Overnight cultures of E. faecalis were diluted 1/10 in TSB w/o D and grown for 24 
hours at 37 °C. The cultures were centrifuged (6000 x g) for 6 minutes and the NAGase 
activity was measured in the supernatant. The data was analysed by univariate analysis of 
variance, and Bonferroni post hoc tests at 0.05 level of significance. 
5.2.5 Transposon	mutagenesis	of	EF0114	
 A previously generated and sequenced mariner transposon library database was 
accessed and screened for mutations affecting EF0114 in strain OG1RF (Kristich et al. 2008).  
5.2.6 Deletion	mutagenesis	of	EF0114	
 Deletion of Ef0114 is described in detail in (Section 3.2.5). Briefly, the deletion 
cassette was generated by first amplifying the upstream and down-stream regions of Ef0114 
from strain OG1RF, and ligating the fragments by SOEing (Splicing by Overlap Extension) 
(Horton et al. 1990). The deletion construct was ligated into pGEM-t easy vector followed by 





Table 19 - Primers used for amplifying Ef0114. 










































 The modified pCJK218 was purified and electroporated into E. faecalis OG1RF and 
blue transformants were selected after plating on BHI agar with chloramphenicol (20µg/ml) 
and x-gal (150µg/ml) at 28 °C. Integration of the construct into the chromosome occurred by 
raising the temperature to 42 °C, followed by second cross-over and plasmid healing after 
serial passages (without the antibiotic) at 28 °C. Mutants (white colonies) were selected on 
MM9YEG agar containing p-chloro-phenylalanine (10 mM) and x-gal (150 µg/ml) incubated 
at 37 °C. Deletion of EF0114 was confirmed by PCR primers (Table 20). 
5.2.7 Complementation	of	Ef0114	mutants	
 Complementation and over expression of EF0114 was undertaken as described in 
(Section 3.3). 
 
 Ef0114 was amplified from strain OG1Rf, ligated into the over expression vector 
pJW76 and cloned into E. coli DH5a. The resulting plasmid, pJW76:Ef0114 and the empty 
vector  were electroporated into E. faecalis OG1Rf, the transposon mutant Ef0114-tn-1, and 
the DEf0114 mutant. Expression of Ef0114 ligated into pJW76:Ef0114 was induced by cCF10 
(50 ng/ml). 
5.2.8 NAGase	 activity	 of	 DEf0114	 mutants	 and	 Ef0114	 transposon	
mutants		
 This experiment aimed to confirm the impaired function of the glycosyl hydrolase 
(NAGase) in the deletion mutant and in the transposon mutants, and to demonstrate gene 
complementation before determining the effect on alkaline tolerance and biofilm formation. 
 
 E. faecalis strains OG1Rf, DEf0114, two transposon mutants with insertions in 
Ef0114 (from transposon library: Kristich et al. (2008), and the complemented strain for each 
mutant (Section 3.3.2), were grown in TSB w/o D for 24 hours at 37°C. 
 
 Induction of the complemented/overexpressed gene was achieved by adding cCF10 
(50ng/ml). Bacteria were centrifuged (3000 x g, 6 minutes), and 33 µl of the supernatant was 





Table 20 - Primers used for screening Ef0114 mutants. 

































 This experiment was aimed to validate the effectiveness of cCF10 (prepared by the 
microchemical facility at the University of Minnesota) at elevated pH. Pheromone cCF10 
induces clumping of bacteria carrying the conjugative plasmid pCF10 (Buttaro et al. 2000). 
 
 An overnight culture of strain OG1Rf-pCF10 grown in BHI containing tetracycline 
(10µg/ml), was diluted 1/10 into four tubes of BHI (2 ml); the first tube (pH 7) contained no 
cCF10 (negative control); the second tube (pH 7) contained cCF10 (10 ng/ml) (positive 
control), the third tube (pH 11) contained no cCF10; the fourth tube (pH 11) contained cCF10 
at pH 11. The four tubes were incubated at 37 ºC on a shaker for 5 hours, and were examined 





 Overnight culture of E. faecalis strains OG1RF/pJW76, transposon mutant strain of 
OG1RF (Ef0114-tn-1/pJW76), the deletion mutant (DEf0114/pJW76), the complemented 
strains of both mutants (Ef0114-tn-1/pJW76:Ef0114,  DEf0114-/pJW76:Ef0114), and the 
overexpressed wild type (OG1RF/pJW76:Ef0114) were used to inoculate TSB w/o D 
supplemented with either glucose or glycerol (55mM) (pH 11). Cultures were dispensed (200 
µl)  into 96 well plates, incubated at 37°C and OD600  was measured at two hourly intervals 
for 48 hours. 
 
 Strains containing the over-expression vector were induced by inclusion of cCF10 
(50ng/ml) in the growth medium. The comparison of the growth parameters between the E. 
faecalis OG1Rf wild type, the over-expressed strain and the Ef0114 mutants were undertaken 
separately. The first set of experiments compared the transposon mutant (Ef0114-tn-1) to the 
wild type and the over-expressed strains. The second set of experiments compared the 
deletion mutants to the wild type and the over-expressed strain. In each set of experiments 
replicates were included without cCF10 induction as a control to exclude the effect of the 
pheromone on growth kinetics. 
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5.2.10.2 Comparison	 of	 the	 viability	 of	 the	 wild	 type	 and	 Ef0114	
mutants	at	pH	11	
 Overnight cultures of E. faecalis strains OG1RF, Ef0114-tn-1, and  DEf0114 were 
diluted 1/10 in BHI and incubated at 37 °C till reaching OD600=1. Each culture was diluted 1/ 
10 in PBS adjusted to pH 8 and to pH 11. Viable counts were measured at the beginning and 
after 24 hours incubation at 37°C. 
 
 The experiment was repeated to compare the OG1Rf wild type and the  DEf0114 
mutant over a range of pH values (8, 9, 10, and 11) at 5 hours and 24 hours to determine 
differences in the survival. 
5.2.11 Comparison	 of	 biofilm	 formation	 by	 E.	 faecalis	 wild	 type	
and	Ef0114	mutants	
5.2.11.1 Biomass	assay		
 OG1RF, Ef0114-tn-1, and  DEf0114 were grown for 48 hours in TSB w/o D 
supplemented with either glucose or glycerol (0.055M) adjusted to pH 11, in polystyrene 96 
well plates. The plates were processed as described in (Section 2.4.1).  
5.2.11.2 	Metabolic	activity	assay	
 Biofilm of OG1RF-pJW76, Ef0114-tn-1-pJW76,  DEf0114-pJW76, and their 
complemented strains OG1Rf-pJW76:Ef0114, Ef0114-tn-1-pJW76:Ef0114, DEf0114-
pJW76:Ef0114 were developed in 96 well plates for 48 hours in TSB w/o D containing either 
glucose or glycerol at final concentration of 55mM with cCF10 (50ng/ml). The supernatants 
were replaced by the same media adjusted to either pH 8 or pH 11 and incubation continued 
for another 24 hours. The plates was processed as described in (Section 2.4.2). The same 96 
well plate was duplicated without cCF10 to exclude any effect of the pheromone on the 
biofilm metabolic activity.  
 
5.2.11.3 	Effect	 of	 pH	 and	 carbohydrate	 source	 on	 microscopic	
structure	of	biofilms		
 The biofilm formed by the wild type OG1Rf and by strain Ef0114-tn-1 on aclar discs 
(11 mm diameter) for two days in TSB w/o D supplemented with either glucose (55mM) or 
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glycerol (55mM). Two replicates for each strain were processed according to the protocol 
(Dale et al. 2017). The aclar discs were stained for 15 min at room temperature with Hoechst 
33,342  (5 µg/ml). Fluorescence images were microscopically visualized.  (Detailed protocol 




 This experiment aimed to determine the concentration of PUGNAc required to inhibit 
bacterial NAGase activity. An overnight culture of E. faecalis strain AS1 was diluted 1/10 in 
TSB w/o D with various concentrations of PUGNAc, and grown for 24 hours at 37 °C.  The 
cells were centrifuged (3000 x g) and the NAGase activity of the supernatant was measured 
(Section 5.2.2). 
5.2.12.2 Effect	of	PUGNAc	on	the	growth	of	E.	faecalis	at	pH	11		
 Experiments similar to those described in Section 5.2.10.1 were performed with E. 
faecalis strains with or without PUGNAc (5 µM) to determine its effect on growth rate of E. 
faecalis at pH 11 
5.2.12.3 Effect	of	PUGNAc	on	biofilm	biomass	and	metabolic	activity	
of	E.	faecalis	at	pH	11	
 Experiment similar to the previously described in (Section 5.2.11.1, Section 5.2.11.2) 
was performed with E. faecalis strains with or without PUGNAc (5 µM) and the average 
biofilm and metabolic activity was compared. 
5.3 Results:		
5.3.1 Variation	 in	 amino	 acid	 sequence	 of	 glycosyl	 hydrolase	 among	
strains	of	E.	faecalis	
 
 Ef0114 (2508 base pairs) was amplified from 10 strains of E. faecalis. The full 




 Amino acid translations for all strains are attached (Appendix 9.26). Differences in 
the amino acid sequence appeared in 12 positions (Figure 42). The phylogenetic tree based on 
the maximum likelihood (PhyML) of Ef0114 revealed three main branches, whereas strains 
AS6 and AS7 are distant from the other strains. There was 100 % confidence that the 
sequences for OG1Rf, AS3, AS4, and AS5 are distant from those of AS1, JH2-2, V583, and 
AS2 ( 
Figure 43).  
 
 Probabilities of mutations that might affect the protein function were made using 
SIFT (Sorting Intolerance Form Tolerance) (https://sift.bii.a-star.edu.sg) and are attached 
(Appendix 9.27). Based on these probabilities, predictions of amino acid tolerance were made 
for various strains (Appendix 9.28). Only the leucine to isoleucine substitution (amino acid 
403) is predicted to affect the enzyme function. This mutation was only present in strains 
AS1 and AS2. However, there is low confidence in this prediction according to SIFT. 
 
 Modelling the glycosyl hydrolase of E. faecalis V583 with Swiss model revealed two 
domains. The first domain was Endo-beta-N-Acetyl Glucosaminidase F2 (Figure 44) 
modelled on the EndoS of Streptococcus pyogenes (Collin and Olsen 2001b), with coverage 
from amino acids 56-350, and sequence identity of 26.41%. This region was highly 
conserved with no variations among the ten sequenced strains. 
 
 The second domain was Beta-N Acetyl Hexosaminidase (Figure 45) based on the 
StrH of Streptococcus pneumoniae (Jiang et al. 2011), with coverage from amino acids 489-
832, and sequence identity of 53.60%. The difference in sequence in this region were in two 
positions; at amino acid 651 from alanine to threonine in strains AS3, AS4, and AS5, and at 
amino acid  809 from arginine to serine in strains AS6 and AS7.  
 
 “Blasting” the whole length of the protein against the NCBI protein database 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) revealed 99% identity to glycosyl 
hydrolases of Streptococcus agalactiae, Mycobacterium abcessus, Listeria monocytogenes, 
and S. pneumoniae, all of which are considered human pathogens. None of these organisms 
are reported to exhibit alkaline tolerance except for L. monocytogenes (Gardan et al. 2003). 
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Figure 43- Phylogenetic tree derived from amino acid sequence of EF0114 
among ten strains of E. faecalis.  
The numbers at the branches are confidence percentages based on Felsenstein’s bootstrap 



































Figure 44 – Three-dimensional (3D) modelling of Endo-beta-N-Acetyl 
Glucosaminidase of E. faecalis based on EndoS of S. pyogenes. 
 
Figure 45 –  3D modelling of Beta-N Acetyl Hexosaminidase of E. faecalis 






 The highest NAGase activity was measured in the supernatant of the culture 
containing glycerol, while the activity associated with the cell pellet was very similar in both 
media (Figure 46).The activity of the enzyme could not be measured in the high pH media 
where the alkaline solution prevents the activity of NAGase, as the sodium carbonate was 
used in this assay to stop the reaction. 
 
 The enzyme activity was highest in the supernatant indicating that NAGase is 
secreted. Measuring the activity in the supernatant was therefore the preferred method. 
5.3.2.2 Effect	of	growth	media	on	NAGase	activity	of	biofilm	bacteria	
 The NAGase activity was higher when the biofilm was resuspended in TSB w/o D  
supplemented with glycerol or in TSB w/o D. NAGase activity was maximal when either 
grown in the absence of supplementary carbohydrate or with addition of glycerol as the 




 When comparing the NAGase activity among strains of E. faecalis (Figure 48), Strain 
AS5 displayed greatest activity (p<0.0001), followed by AS4 and AS3 (p<0.01). Strain 
OG1Rf had the lowest activity (p<0.01). There was no difference between strains AS1, AS2, 
AS6, and AS7 strains, and no difference between strains JH2-2 and V583.  
5.3.3 Transposon	mutagenesis	of	EF0114	
5.3.3.1 Creating	a	transposon	library	
 White colonies were picked and stored in 96 well plates containing BHI (200µl) 
supplemented with chloramphenicol (10 µg/ml) fusidic acid (25 µg/ml) and  glycerol (10 % 






Figure 46- Comparison of media composition and pH on E. faecalis NAGase 





Figure 47- Effect of carbohydrate on the NAGase activity of E. faecalis biofilm. 
Unit definition: 1 unit will hydrolyse 1.0 mmole of 4-Nitrophenyl N-acetyl-b-D-
glucosaminide to p-nitrophenol and N-acetyl-b-D-glucosaminide per 1 minute at pH 4.7 at 37 
°C. The units/ml were divided by ((OD600)/1.05) for each strain to get the units/ml/109 cells, 
























































Figure 48- NAGase activity among strains of E. faecalis. 
Unit definition: 1 unit will hydrolyze 1.0 mmole of 4-Nitrophenyl N-acetyl-b-D-




































The library of 5000 colonies was screened for inability to growth at pH 11 using either 96 
well plates or by replica plating on BHI agar adjusted to pH 11. However, none of the 
derivatives lost their ability to grow in pH 11.  
5.3.3.2 Screening	for	transposon	mutants	of	EF0114	in	a	fully	sequenced	
transposon	mutant	library	
 A previously sequenced E. faecalis mariner transposon (EfaMartn) library (Kristich et 
al. 2008) made available by Prof. Gary Dunny (University of Minnesota) was screened for 
Ef0114 mutants. Two mutants of Ef0114 having a transposon insertion in different location 
were identified; one transposon insertion at 68% (Ef0114-tn-1) and the other at 36.4 % 
(Ef0114-tn-2).  
5.3.4 NAGase	 activity	 of	 DEf0114	 mutants	 and	 Ef0114	 transposon	
mutants		
 NAGase activity of the Ef0114 deletion mutant and transposon mutant Ef0114-tn-1 
was deficient compared to the wild type (Figure 49). Activity was restored in the 
complemented strains (Figure 49). However, in the transposon mutant Ef0114-tn-2, the 
NAGase activity decreased compared to the wild type but not to the extent of the other 
mutants, indicating a partial effect of the transposon insertion (Figure 49). NAGase activity 
increased in the over-expressed strain confirming the validity of the overexpression plasmid. 
 
 The deletion mutant (DEf0114) and transposon mutant Ef0114-tn-1 were used to 
compare alkaline tolerance and biofilm formation with the wild type. 
5.3.5 Validation	of	cCF10	pheromone	activity	at	pH	11	
Clumping was evident in the tube containing cCF10 at pH 11, whereas, turbid growth 
without clumping was observed in the pH 11 tube without cCF10 (Figure 50). This results 










Figure 49- NAGase activity of Ef0114 mutants, complemented and the over 
expressed strains compared to the wild type OG1Rf. 
OG1Rf/pJW76: the wild type strain carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef0114: the over-expressed wild type carrying the over-expression vector of 
Ef0114 (pJW76:Ef0114) 
ΔEf0114/pJW76: the deletion mutant of Ef0114 (ΔEF0114) carrying the empty vector 
(pJW76) 
ΔEf0114/pJW76:Ef0114: the deletion mutant of Ef0114 (ΔEF0114) carrying the over-
expression vector of Ef0114 (pJW76:Ef0114) 
Ef0114-tn-1/pJW76: the transposon mutant of Ef0114 (Ef0114-tn-1) carrying the empty 
vector (pJW76) 
Ef0114-tn-1/pJW76:Ef0114: the transposon mutant of Ef0114 (Ef0114-tn-1) carrying the 
over-expression vector of Ef0114 (pJW76:Ef0114) 
Ef0114-tn-2/pJW76: the transposon mutant of Ef0114 (Ef0114-tn-1) carrying the empty 
vector (pJW76) 
Ef0114-tn-2/pJW76:Ef0114: the transposon mutant of Ef0114 (Ef0114-tn-1) carrying the 



























































































Figure 50-Activity of cCF10 at pH 11(a) Turbid growth of OG1Rf-pCF10 at pH 
11 without the cCF10 pheromone, (b) clumping of the OG1Rf-pCF10 cells at 

























 Growth of the wild-type revealed variability in growth kinetics when the experiments 
was repeated with the transposon mutant compared to the deletion mutant, but overall the 
wild-type had prolonged lag phase at pH 11 and slower exponential phase growth in glycerol-
containing media in comparison to glucose. 
 
 When provided with glucose as sole carbohydrate, both the wild type and the 
overexpressed strains had longer doubling time with cCF10 induction, indicating the 
possibility that  the pheromone might affect the growth directly (Figure 51) (Table 21).  
 
 The lag phase varied considerably when the experiment was done with the transposon 
mutant from that done with the deletion mutant with no regular pattern either with the over 
expression of Ef0114 or with the induction by cCF10. The final culture density was the same 
for both the wild type and over expressed strain. 
 
 In media containing glycerol (Figure 52), the inconsistency continued, either 
increasing or decreasing the doubling time with cCF10 induction. Similarly, the uninduced 
overexpressed strain had shorter lag phase, however when induced the lag phase was either 
similar or longer than the uninduced. The final culture densities were the same after 48 hours 
in both strains (Table 21,  
Table 22). 
 
 When comparing the transposon mutant Ef0114-tn-1/pJW76:Ef0114 to the wild-type 
strain (Figure 51) in media containing glucose, the mutant had longer doubling time that was 
partially decreased in the complemented strain. On the other hand, the induction with cCF10 
prolonged the doubling time compared to the uninduced strain (Table 21).  
 
 Similarly, in glycerol-containing media (Figure 52), the mutant showed marked 
increase in the doubling time compared to the wild-type. On the other hand, the induced 






Figure 51- Comparison of glucose-supported growth of Ef0114 transposon 
mutant (Ef0114-tn-1) at pH 11 compared to the wild-type and overexpressed 
strain. Expression induced by cCF10 (50 ng/ml). 
OG1Rf/pJW76: the wild-type strain OG1Rf carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef0114: OG1Rf carrying the over-expression vector containing Ef0114  
Ef0114-tn-1/pJW76: the transposon mutant of Ef0114 (Ef0114-tn-1) carrying the empty 
vector (pJW76) 
Ef0114-tn-1/pJW76:Ef0014: the transposon mutant (Ef0114-tn-1) carrying the over-

































Figure 52 - Comparison of glycerol-supported growth of Ef0114 transposon 
mutant Ef0114-tn-1 at pH 11 compared to the wild type and overexpressed 
strain. Expression induced by cCF10 (50 ng/ml). 
OG1Rf/pJW76: the wild-type strain OG1Rf carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef0114: OG1Rf carrying the over-expression vector containing Ef0114  
Ef0114-tn-1/pJW76: the transposon mutant of Ef0114 (Ef0114-tn-1) carrying the empty 
vector (pJW76) 
Ef0114-tn-1/pJW76:Ef0014: the transposon mutant (Ef0114-tn-1) carrying the over-

































Table 21- Growth kinetics of the Ef0114 transposon mutant supplied with 






OD at the end 
of exponential 
phase 


















OG1Rf/pJW76 44.2 46.4 14 8 0.528 0.567 0.858 0.864 
OG1Rf/pJW76:Ef0114 45.1 60.2 16 14 0.819 0.574 0.943 0.869 
Ef0114 tn-1/pJW76 53.4 54.6 20 14 0.873 0.877 0.860 0.895 
EF0114 tn-
1/pJW76:Ef0114 
50.8 52.4 20 12 0.646 0.519 0.799 0.834 
 
Table 22- Growth kinetics of the Ef0114 transposon mutant supplied with 










OD at the end 
of exponential 
phase 


















OG1Rf/pJW76 86.7 83.1 12 12 0.106 0.118 0.314 0.24 
OG1Rf/pJW76:Ef0114 75.8 66.5 10 16 0.164 0.106 0.313 0.245 
Ef0114 tn-1/pJW76 157 111.4 18 20 0.156 0.135 0.276 0.218 
EF0114 tn-
1/pJW76:Ef0114 
155.5 142.4 18 20 0.186 0.15 0.283 0.245 
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 The transposon mutant had longer lag phase than the wild type in both glucose and 
glycerol. However, cCF10 induction shortened the lag phase by 2-8 hours in all strains in 
glucose and increased it by 2-6 hours in glycerol-containing media. The final optical density 
was similar at the end of the 48 hours period (Table 21,  
Table 22). 
 
 The deletion mutant (ΔEF0114/pJW76) was similar to the transposon mutant having 
longer doubling time than the wild-type strain but cCF10-induction prolonged the doubling 
time (Figure 53,Figure 54). This was evident in both the glucose and glycerol media (Table 
23, Table 24). However, the complementation of the mutant did not restore the shorter 
doubling time to that of the wild-type.  
 
 On the contrary, the lag phase of the deletion mutant was either similar or slightly 
shorter than that of the wild-type, which was opposite to the situation with the transposon 
mutant. In addition, the cCF10 induction slightly increased the lag phase in all strains except 
the complemented mutant (in glucose-containing media) and the over-expressed wild type 
and the deletion mutant (in glycerol media), where the lag phase remained similar to that 
without cCF10. 
 
 In both glucose and glycerol media, the culture density of the mutant was slightly 
lower than that of the wild type at the end of the exponential phase, and was even lower in 
the complemented strain. cCF10 induction increased the final culture density regardless of 
the presence or absence of Ef0114. 
5.3.6.2 Effect	of	Ef0114	on	survival	at	pH	11	
 The transposon mutant of Ef0114 (Ef0114-tn-1), and the deletion mutant (DEf0114) 
were compared to the wild-type OG1Rf for ability to survive at pH 11 in PBS (Figure 55). 
There was no difference in the survival between either of the mutants and the wild type, and 
all strains showed an approximate five log decrease in the viability compared to survivors 
maintained at pH 8. When increasing the pH from 8 to 11, the viability gradually decreased 
for both DEf0114 and the wild-type, although at pH 10 after 5 hours, DEf0114 had lower 
counts than the wild type. However, the viability was higher in the mutant after 24 hours. 




   
 
Figure 53- Comparison of growth in glucose of Ef0114 deletion mutant at pH 
11 compared to the wild-type and overexpressed strain. Expression induced by 
cCF10 (50 ng/ml). 
OG1Rf/pJW76: the wild-type strain OG1Rf carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef0114: OG1Rf carrying the over-expression vector containing Ef0114  
ΔEF0114/pJW76: the deletion mutant of Ef0114 (ΔEF0114) carrying the empty vector 
(pJW76) 
ΔEF0114/pJW76:Ef0014: the deletion mutant of Ef0114 (ΔEF0114) carrying the over-





























Figure 54- Comparison of growth in glycerol of Ef0114 transposon mutant at 
pH 11 compared to the wild-type and overexpressed strain. Expression induced 
by cCF10 (50 ng/ml). 
OG1Rf/pJW76: the wild-type strain OG1Rf carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef0114: OG1Rf carrying the over-expression vector containing Ef0114  
ΔEF0114/pJW76: the deletion mutant of Ef0114 (ΔEF0114) carrying the empty vector 
(pJW76) 
ΔEF0114/pJW76:Ef0014: the deletion mutant of Ef0114 (ΔEF0114) carrying the over-


































Table 23- Growth kinetics of the Ef0114 deletion mutant at pH 11 in media 
containing glucose; effect of cCF10 induction. 




OD at the end 
of exponential 
phase 


















OG1Rf/pJW76 34 35.2 6 8 0.570 0.664 0.914 0.829 
OG1Rf/pJW76:Ef0114 34.7 34.6 6 8 0.596 0.658 0.860 0.879 
ΔEf0114/pJW76 36.4 33.5 6 8 0.452 0.686 0.861 0.873 





Table 24- Growth kinetics of the Ef0114 deletion mutant at pH 11 in media 
containing glycerol; effect of cCF10 induction. 




OD at the end 
of exponential 
phase 


















OG1Rf/pJW76 54.7 75.2 12 16 0.380 0.559 0.548 0.546 
OG1Rf/pJW76:Ef0114 51 80.4 10 10 0.388 0.404 0.552 0.564 
ΔEf0114/pJW76 56.1 73.6 8 8 0.338 0.499 0.575 0.592 






   
   
Figure 55- Effect of Ef0114 mutation on survival  of E. faecalis at pH 11 after 


































Figure 56- Effect of deletion of Ef0114 on the survival at pH 8 after incubation 
at 37°C for 24 hours (Mean CFU/ml +/- SD). 
 
  
Figure 57- Effect of deletion of Ef0114 on the survival at pH 9 after incubation 













































Figure 58- Effect of deletion of Ef0114 on the survival at pH 10 after incubation 




Figure 59- Effect of deletion of Ef0114 on the survival at pH 11 after incubation 



















































The opposite occurred at pH 11 where the counts were higher in the DEf0114 compared to 
the wild type 
5.3.7 Comparison	 of	 biofilm	 formation	 by	 E.	 faecalis	 wild	 type	 and	
Ef0114	mutants	
5.3.7.1 Biomass	assay	
 The biofilm biomass produced by both the transposon mutant Ef0114-tn-1 and the 
deletion mutant DEf0114 were similar to that of the wild type OG1Rf in media containing 
glucose and media containing glycerol at both pH 8 and pH 11 (Figure 60). No statistically 
significant difference was evident between the mutants and the wild type.  
 
 The biofilm formed in media containing glucose was of greater biomass than that 
formed in the media containing glycerol. The biomass formed at pH 8 was greater than at pH 
11 (Figure 60). 
5.3.7.2 Metabolic	activity	assay	
 The metabolic activity of the biofilm bacteria was compared between the wild type, 
Ef0114 mutants and the overexpressed strain. There was variation among the strains carrying 
the empty expression vector with and without induction with cCF10 (Figure 61, Figure 62, 
Figure 63, Figure 64). The cCF10 induction sometimes increased and other times decreased 
the biofilm metabolic activity with no evident regular pattern. 
 
 There was no significant difference in the biofilm metabolic activity of the mutants 
and the complemented strains under any of the tested conditions. Overall, the metabolic 
activity was greater when the biofilm was formed in glycerol compared to that formed in 
glucose (Figure 65). In addition, the metabolic activity of the biofilm bacteria at pH 11 was 
greater than that at pH 8 when the biofilm was formed in glycerol. 
  
 The metabolic activity of the Ef0114 mutants in the biofilm formed in glucose at pH 8 
was almost half that of the wild type. However, cCF10 induction increased the metabolic 
activity of the mutant to a comparable level to the wild type. At pH 11, the metabolic activity 






Figure 60- Comparison of the biofilm biomass produced by Ef0114 mutants and 
the wild type strain OG1Rf in glucose and glycerol-containing media  at pH 8 








































Figure 61- Metabolic activity of Ef0114 mutants in t biofilm formed in glucose 
at pH 8 with/without cCF10 induction.   
 
 
Figure 62- Metabolic activity of Ef0114 mutants in the biofilm formed in 






































































































































Figure 63- Metabolic activity of Ef0114 mutants in the biofilm formed in 





Figure 64- Metabolic activity of Ef0114 mutants in the biofilm formed in 















































































































































Figure 65- Metabolic activity of Ef0114 mutants in the biofilm formed in 
glucose and glycerol-containing media at pH 8/pH 11 with cCF10 induction. 
 
OG1Rf/pJW76: the wild-type strain OG1Rf carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef0114: OG1Rf carrying the over-expression vector containing Ef0114  
ΔEF0114/pJW76: the deletion mutant of Ef0114 (ΔEF0114) carrying the empty vector 
(pJW76) 
ΔEF0114/pJW76:Ef0114: the deletion mutant of Ef0114 (ΔEF0114) carrying the over-
expression vector containing Ef0114 (pJW76:Ef0114) 
Ef0114-tn-1/pJW76: the transposon mutant of Ef0114 (Ef0114-tn-1) carrying the empty 
vector (pJW76) 
Ef0114-tn-1/pJW76:Ef0014: the transposon mutant (Ef0114-tn-1) carrying the over-


































 Similarly, the metabolic activity of the deletion mutant DEf0114 in the biofilm formed 
in glycerol at pH 8 was lower than that of the wild type which was not the case for the 
transposon mutant (Figure 63). However, cCF10 induction restored the difference regardless 
of the complementation with Ef0114.  On the other hand, at pH 11 there was no difference 
between any of the mutants and the wild type (Figure 64). The cCF10 induction increased the 
metabolic activity of the wild type and decreased it in the complemented transposon mutant. 
5.3.7.3 Effect	of	pH	and	carbohydrate	on	the	microscopic	structure	of	E.	
faecalis	biofilm	 		
 Strain OG1Rf produced a thick biofilm at pH 8 with 1 % glucose after 48 hours. The 
bacteria appeared normal within multilayers (Figure 66). There were a few clumps of cells 
within the biofilm. At pH 11, the cell density was much lower than at  pH 8 but maintained 
the same architecture (Figure 67). Where glucose was substituted by glycerol, there was a 
monolayer biofilm with fewer cells (Figure 68). Interestingly, in the media with glycerol at 
pH 11 (Figure 69) a visible chaining phenotype with regional clumping of cells developed. 
 
 These clumps of cells were also evident at pH 11 in the glucose media, but they were 
not replicated. Therefore, this specific chaining phenotype was associated with both the high 
pH stress and the depletion of carbohydrate in the glycerol media after 48 hours. 
 
 In the transposon mutant (Ef0114-tn-1) grown at pH 11, there was no difference in the 
architecture of the biofilm from that of the wild type in either glucose or glycerol media 
(Figure 70).  
5.3.8 Effect	 of	 NAGase	 inhibitor	 (PUGNAc)	 on	 alkaline	 tolerance	 and	
biofilm	formation	of	E.	faecalis		
5.3.8.1 Optimum	NAGase	inhibitory	concentration	of		PUGNAc		
 The maximum inhibition of NAGase was achieved with 5µM PUGNAc, which 
reduced the activity by 94.02% of the untreated control (Figure 71). PUGNAc at 5µM was 






    
(a) (b) 
Figure 66 –Fluorescence micrographs of biofilm formed by E. faecalis strain 
OG1Rf cultured on Aclar discs in glucose for 48 hours at pH 8. Stained with the 
DNA label Hoechst 33342. (a) Representative images at magnification of 20× 


















      
(a) (b) 
Figure 67 –Fluorescence micrographs of biofilm formed by E. faecalis strain 
OG1Rf cultured on Aclar discs in glucose for 48 hours at pH 11. Stained with 
the DNA label Hoechst 33342. (a) Representative images at magnification of 


















    
(a)                                                                    (b) 
Figure 68 - Fluorescence micrographs of biofilm formed by E. faecalis strain 
OG1Rf cultured on Aclar discs in glycerol for 48 hours at pH 8. Stained with 
the DNA label Hoechst 33342. (a) Representative images at magnification of 


















     
(a)                                                                (b) 
Figure 69 –Fluorescence micrographs of biofilm formed by E. faecalis strain 
OG1Rf cultured on Aclar discs in glycerol for 48 hours at pH 11. Stained with 
the DNA label Hoechst 33342. (a) Representative images at magnification of 


















    
(a)                                                                     (b) 
Figure 70 - Fluorescence micrographs of biofilm formed by E. faecalis strain 
Ef0114-tn-1 cultured on Aclar discs in (a)glucose- (b)glycerol for 48 hours at 
pH 11. Stained with the DNA label Hoechst 33342. (a) (Representative images 







































































 The alkaline tolerance of E. faecalis strains was measured in the absence and presence 
of PUGNAc (5 µM). PUGNAC did not influence the doubling time among tested strains of 
E. faecalis in a media containing glucose at pH 11 (Figure 72).  
 
 In contrast, PUGNAc produced a significant increase in the doubling time  (indicating 
slower growth) when the strains were grown in glycerol (p<0.01) (Figure 73). This effect was 
variable among the strains  (Figure 74, Figure 75).This result agrees with the previous finding 
of the greater NAGase activity produced in glycerol-containing media compared to glucose 
(Section 5.2.3), thus the inhibitory effect would be expected to be more evident in the 
glycerol media. 
 
 The average lag phase significantly increased (p<0.001) when strains were grown in 
glucose in the presence of PUGNAc (Figure 76). However, in the media containing glycerol, 
the lag phase was almost the same as without the inhibitor (p=0.19)(Figure 77). This effect of 
PUGNAc on the lag phase in the glucose- media was variable among strains (Figure 
78,Figure 79). 
 
 There was no difference in the average bacterial density at the end of exponential 
phase with or without PUGNAc with either glucose or glycerol as energy source (Figure 80, 
Figure 81). However, PUGNAc resulted in significantly decreased bacterial density at the 
end of the 48 hours period in the media containing glucose (p<0.05), while it remained 
similar to cultures grown without the inhibitor in the media containing glycerol (Figure 82, 
Figure 83). 
5.3.8.3 Effect	of	PUGNAc	on	biofilm	biomass	of	E.	faecalis	grown	at	pH	11	
 The average biofilm biomass of E. faecalis strains formed at pH 11 in the presence or 
absence of PUGNAc inhibitor was compared (Figure 84). The biofilm biomass formed in 
glucose was greater than that formed in glycerol-containing media (p<0.001). The biofilm 
biomass was significantly less in the presence of the inhibitor in the glucose media (p<0.05). 
However, in glycerol media there was no difference between the biofilm biomass formed in 









Figure 72- (a), (b) Effect of NAGase inhibitor (PUGNAc) on the average 
doubling time of ten E. faecalis strains  in glucose at pH 11. PUGNAc has no 






































Figure 73- (a), (b) Effect of NAGase inhibitor (PUGNAc) on the average 
doubling time of ten E. faecalis strains  in glycerol at pH 11 (* p=0.006) 
(Student’s paired t-test). 
The mean was compared in the presence or absence of PUGNAc in all E. faecalis strains 




































Figure 74- Effect of NAGase inhibitor (PUGNAc) on the growth of E. faecalis 
AS7 in TSB w/o D- glycerol. 
 
 
Figure 75- Effect of NAGase inhibitor (PUGNAc) on the growth of E. faecalis 












































Figure 76- (a), (b) Effect of NAGase inhibitor (PUGNAc) on the average lag 











































Figure 77- (a), (b) Effect of NAGase inhibitor (PUGNAc) on the average lag 
phase of ten E. faecalis strains  in glycerol  at pH 11 (p=0.19). 
The mean of was compared in the presence or absence of PUGNAc in all E. faecalis strains 































Figure 78- Effect of NAGase inhibitor (PUGNAc) on the growth of E. faecalis 




Figure 79- Effect of NAGase inhibitor (PUGNAc) on the growth of E. faecalis 






















































Figure 80- (a), (b) Effect of NAGase inhibitor (PUGNAc) on the average cell 
density at the end of the exponential phase of ten E. faecalis strains  in glucose 














































Figure 81- (a), (b) Effect of NAGase inhibitor (PUGNAc) on the average cell 
density at the end of the exponential phase of ten E. faecalis strains  in glycerol 






































Figure 82- (a), (b) Effect of NAGase inhibitor (PUGNAc) on the average cell 















































Figure 83- (a), (b) Effect of NAGase inhibitor (PUGNAc) on the average cell 
density after 48 hours period of ten E. faecalis strains  in TSB w/o D- glycerol 




































Figure 84- (a), (b), (c) Effect of NAGase inhibitor (PUGNAc) on biofilm 
biomass formed by ten E. faecalis strains in glucose and glycerol at pH 11 



























































 The metabolic activity of the bacteria grown at pH 11 was greater in the biofilm 
originally formed in glycerol-containing media than in glucose (p<0.0001) (Figure 85). 
PUGNAc markedly decreased the metabolic activity of the cells to about half that of the 
biofilm formed in glycerol-containing media (p<0.0001). The effect of PUGNAc on the 
metabolic activity in the biofilm formed in glucose was not measurable (p=0.27) because the 
metabolic activity was very low even without the inhibitor. 
5.4 Discussion:	
 Glycosyl hydrolase encoded by Ef0114, is one of the proteins that was upregulated in 
alkaline condition and nutrient deprivation (Cathro 2016), thus its involvement in the alkaline 
tolerance of E. faecalis was investigated. Ef0114 is composed of two domains with sequence 
identity close to StrH from S. pneumoniae and EndoE from S. pyogenes, both of which are 
considered virulence factors either through nutrient acquisition or interaction with host 
immune system (Collin and Olsen 2001a; Pluvinage et al. 2011), which suggests the 
involvement of this membrane protein in the virulence of E. faecalis. 
 
 Comparing the amino acid sequence of the glycosyl hydrolase among strains of E. 
faecalis revealed variations in two amino acid positions in the first domain. The change in the 
amino acid at position 651 from alanine to threonine found in strains AS3, AS4, and AS5 
could account for their significantly greater NAGase activity. However, the activity of the 
enzyme was not associated with the alkaline tolerance of the various strains . All root canal 
isolates displayed higher NAGase activity compared to the other isolates, which could 
contribute to their survival in a nutrient-deprived environment.  
 
 Screening of the 5000 potential mutants of the transposon library did not detect any 
strains with diminished alkaline tolerance. This could be an indication that the effect of 
glycosyl hydrolase in alkaline tolerance is secondary or complementary to other pathways 










Figure 85- (a), (b), (c) Effect of NAGase inhibitor (PUGNAc) on the average 
biofilm metabolic activity formed by ten E. faecalis strains in glucose and 
glycerol at pH 11 (*p=0.0000273). 



































































 The deletion mutant and the transposon mutant of Ef0114 displayed slower growth 
than the wild type at pH 11. However, effective complementation of the mutants was not 
feasible due to the variable effect of cCF10 pheromone induction on the growth of E. faecalis 
wild type carrying the vector control. Similarly, the variable effect of cCF10 on growth did 
not allow the analysis of changes in the growth parameters due to over-expression of Ef0114. 
 
 Decreased survival of the deletion mutant at elevated pH (compared to the wild type), 
was not consistent. At pH 10 after 5 hours the mutant had decreased survival, and at pH 11 
increased survival compared to the wild type. The results of this experiment revealed the 
importance of the energy source on viability at high pH. The negative effect of deleting 
Ef0114 on alkaline tolerance could be attributed to the absence of substrate for the glycosyl 
hydrolase. Furthermore, the removal of the secreted NAGase due to discarding the 
supernatant during resuspension of the bacteria in the high pH buffers almost certainly 
contributed to a reduced energy source. 
 
 Disruption of Ef0114 affected neither the biofilm biomass nor the metabolic activity 
of the biofilm when subjected to high pH. Again cCF10 induction has a variable effect on the 
activity of the biofilm. The similarity of Ef0114 mutants and the wild type, together with the 
absence of increased tolerance in the overexpressed strain, exclude the direct involvement of 
Ef0114 on the alkaline tolerance and suggests the requirement of alternative pathways in 
compensation for this defect. 
 
 The lack of observable difference microscopically between the biofilm formed by the 
Ef0114 transposon mutant and the wild type supports the results of the crystal violet assay. A 
chaining clumping biofilm phenotype was formed by both the mutant and the wild type in 
high pH media with glycerol. 
 
 PUGNAc is an effective inhibitor of a variety of NAGases. Blocking the NAGase 
resulted in slower growth of E. faecalis at high pH media containing glycerol and increased 
the lag phase in the media containing glucose. The contradiction between lack of an effect of 
deletion of Ef0114 on growth at high pH and the detrimental effect of directly blocking 




 Similarly, E. faecalis biofilm formation was reduced by PUGNAc. Biofilm biomass 
formed at high pH was significantly lowered by PUGNAc in media containing glucose. 
Moreover, the metabolic activity of the glycerol-developed biofilm subjected to high pH in 
the presence of PUGNAc decreased to almost half that without the inhibitor. This marked 
drop in the metabolic activity could also be explained by PUGNAc blocking additional 
enzymes, preventing the bacteria from acquiring energy necessary to overcome such stress. 
5.5 Conclusion:	
 Ef0114 might have indirect effects on the alkaline tolerance of E. faecalis mainly 
through acquisition of extra sources of energy thus aiding the bacteria to neutralize the 



















6 Effect	 of	 glycerol	 facilitator	 membrane	 protein	 on	
alkaline	tolerance	of	E.	faecalis	
6.1 Introduction	
 Glycerol facilitator membrane protein (GlpF) belongs to a highly conserved group 
called  the major intrinsic proteins, and is classified functionally among the 
aquaglyceroporins that selectively permit glycerol for nutrition and osmotic balance (Borgnia 
and Agre 2001). GlpFs are arranged as tetramers in the plasma membrane with six 
membrane-spanning helical domains surrounding a narrow pore (Weissenborn et al. 1992). 
 
 GlpF prevents leakage of protons from the cytoplasm (Stroud et al. 2003) which is 
important in maintaining the optimum cytoplasmic pH, especially under extreme 
environmental pH conditions. In addition, GlpF in E. faecalis is upregulated under alkaline 
and nutrient deprivation conditions simulating the endodontic environment during Ca(OH)2 
treatment (Cathro 2016). However, the contribution of GlpF to the tolerance of E. faecalis to 
high pH remains to be determined. 
 
 Provision of glycerol as a carbon source is associated with virulence of some 
microbes. For example, glycerol promotes biofilm formation in Candida albicans, where 
glycerol-3-phosphatase is upregulated compared to planktonic cells.  Furthermore, 
cytoplasmic glycerol concentration regulates the expression of C. albicans biofilm associated 
genes (Desai et al. 2013). 
 
 A combination of glycerol and manganese promotes biofilm formation by Bacillus 
subtilis grown in lysogeny broth, a less favourable medium for biofilm formation, through 
upregulation of the genes involved in exopolysaccharide and amyloid-like fibre formation. In 
addition, ΔglpK and ΔglpF mutants (defective in glycerol uptake and metabolism) are unable 
to form biofilms under these conditions (Shemesh and Chai 2013). 
 
 Furthermore, in Pseudomonas aeruginosa, glycerol metabolism contributes to 
persistence in cystic fibrosis through enhancing biofilm formation.  With deletion of the 





 Glycerol metabolism in E. faecalis is regulated by the Ers operon; a pleiotropic 
transcriptional regulator also involved in survival against oxidative stress response. Ers acts 
as a positive regulator of the glpKOF operon encoding glycerol kinase, glycerol-3-phosphate 
oxidase, and GlpF (Riboulet-Bisson et al. 2009). Furthermore, DErs mutants are more 
sensitive to oxidative stress and have lesser ability to survive in macrophages compared to 
the wild type (Giard et al. 2006).   
 
 HgCl2 is a documented inhibitor of aquaporins (Maurel et al. 1994). Its mechanism of 
action is suggested to be either through the simple occlusion of the water pore by the mercury 
atoms/ions found in the proximity of the cysteine residues lining the water channel, or to the 
conformational change (collapse of the water pore) at the aromatic/ arginine selectivity filter 
region, when it binds to a neighbouring cysteine residue (Spinello et al. 2016). 
 
 However, due to lack of specificity of mercuric chloride to inhibition of glycerol and 
due to its other cytotoxic properties, another aquaporin inhibitor Auphen (a gold III 
compound) has been developed (Martins et al. 2012). Its effect is mainly on glycerol 
permeability and it has only minimal effect on water transport through the channel. 
 
 In this study, the involvement of GlpF (encoded by Ef1927) in E. faecalis in alkaline 
tolerance was assessed by examining structural variations among strains  
(including root canal isolates) and correlating these structural variations with differences in 
tolerance. 
 
 In addition, the effects of the GlpF on alkaline tolerance and biofilm formation were 
tested directly by comparing two transposon mutants of Ef1927 to the wild type; and 
indirectly by examining the downregulation effect of DErs (mutant lacking the Enterococcus 
regulator of survival)  on GlpF, by comparing the DErs mutant to the wild type. 
 
 And finally, this chapter describes experiments assessing the effects of GlpF-






 Ef1927 was amplified from strains of E. faecalis using forward and reverse primers 
(Table 25) followed by sequencing with the same primers (Table 25). The DNA sequences 
were translated to amino acids sequences and aligned using Unipro UGENE (ugene.net) to 
create a phylogenetic tree.  
 
 Probabilities of mutations that might affect the protein function were determined 
using SIFT (https://sift.bii.a-star.edu.sg). Swiss model (https://swissmodel.expasy.org) was 
used to predict the three dimensional structure and to establish resemblance to existing 
database structures.  
6.2.2 Transposon	mutagenesis	of	EF1927	
 A previously developed and sequenced mariner transposon library was screened for 
mutations affecting Ef1927 in strain OG1RF (Kristich et al. 2008).  
6.2.3 Complementation	of	Ef1927	mutants	
 Complementation of Ef1927 was undertaken as described (Section 3.3). Ef1927 was 
amplified from strain OG1Rf, ligated into the over-expression vector pJW76 and cloned into 
E. coli DH5a. pJW76:Ef1927 and the original vector were electroporated into strain OG1Rf 
(wild type) and a transposon mutant, Ef1927-tn-1. Expression of pJW76:Ef1927 was induced 
by cCF10 (10 ng/ml). 
6.2.4 Alkaline	tolerance	
6.2.4.1 Effect	of	Ef1927	mutations	on	bacterial	growth	at	pH	11	
 Overnight cultures of E. faecalis OG1RF, two transposon mutant derivatives (Ef1927-
tn-1, Ef1927-tn-2), DErs mutant, JH2-2 wild type and the complemented strain of DErs were 
used to inoculate TSB w/o D supplemented with either glucose or glycerol (55 mM), at pH11 





Table 25- Primers used to amplify Ef1927.  



























 Doubling time, lag phase, and the culture density at the end of both exponential phase 
and the stationary phase were calculated and compared. The experiment was repeated with 
the complemented transposon mutant and the over-expressed wild type.  
6.2.4.2 Effect	of	Ef1927	mutations	on	bacterial	survival	
 Overnight cultures of strains OG1RF, Ef1927-tn-1, and Ef1927-tn-2, DErs mutant, 
JH2-2 wild type and the complemented strain of DErs were diluted 1/10 in BHI and incubated 
at 37 °C until reaching OD600=1. Each culture was diluted 1/10 in PBS at pH 8 and at pH 11. 
Viable counts were measured immediately and after 24 hours.  
6.2.5 Comparison	 of	 biofilm	 formation	 by	 E.	 faecalis	 wild	 type	 and	
Ef1927	mutants	
6.2.5.1 Biomass	assay		
 OG1RF, Ef1927-tn-1, Ef1927-tn-2, DErs mutant, JH2-2 wild type and the 
complemented strain of DErs were grown for 48 hours in TSB w/o D supplemented with 
glucose or glycerol (55 mM) at pH 8 and at pH 11 in 96 well plates. Biofilm biomass was 
measured as described in (Section 2.4.1) 
6.2.5.2 	Metabolic	activity	assay	
 The biofilms produced by strains Ef1927 transposon mutants (Ef1927-tn-1/pJW76, 
Ef1927-tn-2/pJW76), their complemented strains (Ef1927-tn-1/pJW76:Ef1927, Ef1927-tn-
2/pJW76: Ef1927), OG1Rf/pJW76, OG1Rf/pJW76:Ef1927 overexpressed strain, DErs 
mutant, JH2-2 wild type and the complemented strain of DErs were developed for 48 hours in 
TSB w/o D containing either glucose or glycerol (55 mM). The supernatant was replaced by 
the same media adjusted to either pH 8 or pH 11 and incubation continued for another 24 
hours. The metabolic activity was measured as described in (Section 2.4.2) 
6.2.5.3 	Microscopic	structure	of	biofilms	formed	under	various	pH	and	
nutrient	conditions		
 The biofilm of the wild type OG1Rf and Ef1927-tn-1, Ef1927-tn-2 strains were grown 
on aclar discs (11 mm diameter) for two days in TSB w/oD supplemented with either glucose 





 An overnight culture of E. faecalis AS1 (10 ml) was used to inoculate TSB (5 ml), 
incubated at 37 °C until it reached OD600=1. The culture was diluted 1/10 into tris-buffered 
saline (pH 7) and divided into three aliquots, each with a specific concentration of mercuric 
chloride (1mM, 0.1mM, 0.01mM). Each aliquot was divided  into three subgroups; the first 
containing only mercuric chloride; the second with mercuric chloride and glucose (55mM); 
and the third with mercuric chloride and glycerol (55mM). Each subgroup was further 
divided into three classes;  the first having no further addition, the second supplemented with 
of 2-mercaptoethanol (5mM) at the beginning of the experiment; and in the third, the 
mercaptoethanol was added after incubation for 30 minutes. Aliquots (5 µL) were spotted 
onto tryptic soy agar after incubation for 30 minutes, 1 hour and 24 hours. 
6.2.5.5 Bactericidal	effect	of	Auphen	on	E.	faecalis	
 An overnight culture of E. faecalis AS1 (10 ml) was prepared as for (Section 6.2.5.4). 
The culture was diluted 1/10 into tris-buffered saline (pH 7) and divided into three aliquots, 
each with a specific concentration of Auphen (1mM, 0.1mM, and 0.01mM). Each aliquot was 
divided  into three subgroups; the first containing Auphen alone; the second supplemented 
with of 2-mercaptoethanol (5mM) at the beginning of the experiment; and the third the 
mercaptoethanol was added after incubation for 30 minutes. The positive control (inoculated 
without adding Auphen), and the negative control (the buffer without inoculation) were 
included. Aliquots (5 µL) were spotted onto tryptic soy agar plates after incubation for 30 
minutes, 1 hour and 24 hours. Viable counts of three replicates were determined at the 
beginning of the experiment and after 24 hours. 
6.3 Results		
6.3.1 GlpF	 amino	 acid	 sequence	 comparison	 among	 strains	 of	 E.	
faecalis		
 Ef1927 was amplified from 10 strains of E. faecalis (Figure 86). The full DNA and 
amino acid sequences are attached (Appendix 9.29, 9.30). 
 
 The amino acid alignment revealed only one amino acid variation, at position 134 in 
strains AS2 and AS3 (valine to isoleucine) (Figure 86), with 70% confidence that strains AS2 











Figure 87 - Phylogenetic tree derived from amino acid sequence of EF1927 
among ten strains of E. faecalis.  
The numbers at the branches are confidence percentages based on Felsenstein’s bootstrap 











 Probabilities of mutations that might affect the protein function are attached 
(Appendix 9.31). Based on these probabilities, predictions of amino acid tolerance were made 
(Appendix 9.32). This single mutation is predicted to be tolerated by E. faecalis and not to 
affect the function of GlpF. The very low mutation rate in Ef1927 indicates a highly 
conserved membrane protein. 
6.3.2 Transposon	mutagenesis	of	EF1927	
6.3.2.1 	Screening	of	a	fully	sequenced	transposon	mutant	library	
 A previously sequenced EfaMartn transposon library (Kristich et al. 2008) made 
available by Prof. Gary Dunny (University of Minnesota) was screened for Ef1927 mutants. 
Two transposon insertion mutants of Ef1927 were identified; one transposon insertion was at 
12.5% (Ef1927-tn-1) and the other at 23.9 % (Ef1927-tn-2). 
6.3.3 Alkaline	tolerance	
6.3.3.1 Effect	of	Ef1927	mutation	on	the	growth	of	E.	faecalis	at	pH	11	
6.3.3.1.1 Comparison	 of	 the	 growth	 rate	 of	 the	 wild	 type	 and	 Ef1927	
transposon	mutants	at	pH	11	
 The growth kinetics of the two Ef1927 transposon mutants ( Ef1927-tn-1, Ef1927-tn-
2) were compared to strain OG1Rf at pH 11 with either glucose and with glycerol (Figure 88, 
Figure 89). In both media (Table 26,Table 27), the three cultures looked similar in the initial 
inspection, however, analysis of the exponential phases revealed much longer doubling time 
(10 minutes in glucose-media, and 36 minutes in glycerol-media) for Ef1927-tn-1 than for the 
wild type, indicating slower growth. In addition, the lag phase increased in both mutants to 
approximately eight hours in glucose-media and 14 hours in glycerol-media compared to six 
and 10 (respectively) for the wild type . There was no apparent difference in the final optical 
density between the mutants and the wild type in either media.  
 
 Ef1927-tn-1 had the longest doubling time in media containing glycerol, whereas 






Figure 88- Comparison of the growth of transposon mutants of Ef1927 and 






Figure 89- Comparison of growth of transposon mutants of Ef1927 and OG1Rf 








































Table 26- Growth kinetics of Ef1927 transposon mutants in TSB w/o D-glucose 








OD600 at the end of 
exponential phase 
OD600 after 48 
hours 
OG1Rf 17.2 6 0.318 0.811 
OG1RF-Ef1927-
tn1 
27.6 8 0.455 0.862 
OG1RF-Ef1927-
tn2 









Table 27- Growth kinetics of Ef1927 transposon mutants in TSB w/o D-glycerol 








OD600 at the end of 
exponential phase 
OD600 after 48 
hours 
OG1Rf 76.6 10 0.198 0.511 
OG1RF-Ef1927-
tn1 
112.1 14 0.374 0.513 
OG1RF-Ef1927-
tn2 




6.3.3.1.2 Comparison	 of	 the	 growth	 rates	 of	 the	 wild	 type,	 Ef1927-tn-1,	
complemented	Ef1927-tn-1,	and	over	expressed	strain	at	pH	11	
 Ef1927-tn-1 was compared to OG1Rf, the complemented, and the overexpression 
strains  for the growth kinetics at pH 11 in TSB w/o D supplemented with glucose and with 
glycerol after induction of expression with cCF10 (Figure 90, Figure 91).  
 
 Ef1927-tn-1 had slower growth in both media and prolonged lag phase only in 
glycerol compared to the wild type (Table 28, Table 29). The overexpression strain 
OG1Rf/pJW76:Ef1927 had a shorter doubling time compared to the wild type and similarly 
the complemented mutant Ef1927-tn-1/pJw76:Ef1927 had reduced doubling time compared 
to the transposon mutant. 
 
 The growth rate of the overexpressed and complemented strains was twice that the 
wild type and the mutant. The lag phase of the complemented and overexpressed strains in 
media containing glucose were shorter by about four hours than both the wild type and the 
mutant. In glycerol, the lag phase was slightly longer in the overexpressed strain but 
drastically shorter in the complemented mutant by about 10 hours.  
 
 The final optical density slightly increased in the overexpressed strain and the 
complemented mutant in media containing glucose but, in glycerol, only the complemented 
mutant had greater final density than the wild type.  
 
 Differences in the lag phase and the doubling time between the overexpressed strain 
and the wild type, as well as between the complemented strain and the mutant, were more 
evident upon induction with cCF10 (10 ng/ml) indicating a controlled expression of Ef1927 
by the cCF10 induction. 
6.3.3.1.3 	 Comparison	 of	 the	 growth	 rate	 of	 the	 JH2-2	 wild	 type,	 DErs	
mutant,	and	the	complemented	strain	at	pH	11	
 The growth kinetics of strains JH2-2 (wild type), JH2-2 DErs mutant, and its 
complemented strain were compared at pH 11 in TSB w/O D supplemented with either 






Figure 90- Comparison of the growth of OG1Rf wild type, overexpressed wild 
type, EF1927 tn-1 mutant, and complemented Ef1927-tn-1 in glucose at pH 11; 
induced by cCF10 (10 ng/ml). 
OG1Rf/pJW76: the wild type carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef1927: wild type carrying the over-expression vector (pJW76:Ef1927) 
Ef1927-tn-1/pJW76: the transposon mutant of Ef1927 carrying the empty vector (pJW76) 





































Figure 91- Comparison of the growth of OG1Rf wild type, overexpressed wild 
type, EF1927 tn-1 mutant,  and complemented Ef1927-tn-1 in glycerol at pH 
11; induced by cCF10 (10 ng/ml). 
OG1Rf/pJW76: the wild type carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef1927: wild type carrying the over-expression vector (pJW76:Ef1927) 
Ef1927-tn-1/pJW76: the transposon mutant of Ef1927 carrying the empty vector (pJW76) 







































Table 28- Growth kinetics of the OG1Rf wild type, EF1927-tn-1 mutant, 
overexpressed wild type and complemented Ef1927 transposon mutant in 




























OG1Rf/pJW76 44.2 57.9 14 14 0.528 0.622 0.858 0.823 
OG1Rf/pJW76:Ef1927 40.7 28.9 18 10 0.525 0.467 0.833 0.92 
Ef1927 tn1/pJW76 60 61 18 14 0.747 0.855 0.92 0.859 
EF1927 
tn1/pJW76:Ef1927 
57.4 35.1 16 10 0.564 0.85 0.819 1.03 
 
 
Table 29- Growth kinetics of the OG1Rf wild type, EF1927-tn-1 mutant, 
overexpressed wild type and complemented Ef1927 transposon mutant in 






OD600 at the end 
of exponential 
phase 



















OG1Rf/pJW76 128.7 83.1 16 12 0.17 0.118 0.314 0.24 
OG1Rf/pJW76:Ef1927 76.5 48 14 14 0.1 0.108 0.277 0.287 
Ef1927 tn1/pJW76 160.7 138.2 16 18 0.1725 0.184 0.309 0.273 
EF1927 
tn1/pJW76:Ef1927 




 In media containing glucose (Figure 92), the doubling time of DErs mutant was not 
different form that of the wild type (Table 30), although the complemented strain had much 
shorter doubling time from the other strains. The lag phase was longer in the DErs mutant by  
two hours than the wild type and this was restored in the complemented strain.  
 
 In contrast, in the media containing glycerol (Figure 93), the doubling time was 
longer for the DErs mutant than the wild type, and this property was restored in the 
complemented strain having even shorter doubling than the wild type.  
 
 The lag phase was similar for the DErs mutant and the wild type, but shorter for the 
complemented strain. The final density was slightly lower for the DErs mutant than the wild 
type and higher for the complemented strain than the wild type in both media.  
6.3.3.2 Effect	Ef1927	mutations	on	bacterial	survival	at	pH	11	
6.3.3.2.1 	Comparison	 of	 bacterial	 viability	 of	 Ef1927	 transposon	 mutants	
and	wild	type	at	pH	11	
 There was no difference in the survival between any of the transposon mutants and 
the wild type, and all strains exhibited approximately five logs decrease in the viable counts 
compared to those at pH 8 (Figure 94). 
6.3.3.2.2 	Comparison	of	bacterial	viability	of	wild	 type,	DErs	mutants,	and	
the	complemented	strain	at	pH	11		
 There was no difference in survival between the mutant and the wild type at pH 11 in 
PBS (Figure 95). However, the complemented strain survival was much lower than the wild 
type and the mutant (Figure 95).  
6.3.4 Effect	of	Ef1927	mutations	on	Biofilm	formation	of	E.	faecalis	
6.3.4.1 Biomass	assay		
6.3.4.1.1 	Comparison	 of	 biofilm	 formation	 between	 Ef1927	 transposon	
mutants	and	the	wild	type	
 There was no significant difference between biofilm formed by any of the mutants 




Figure 92- Comparison of growth of JH2-2 wild type, DErs mutant, and the 






Figure 93 - Comparison of growth JH2-2 wild type, DErs mutant, and the 











































Table 30- Growth kinetics of JH2-2 wild type, DErs mutant, and the 










OD after 48 
hours 
JH2-2 in G 47.7 14 0.273 0.616 
JH2-2 ΔErs in G 47.3 16 0.229 0.600 
JH2-2 ΔErs comp in G 35 14 0.159 0.680 
JH2-2 in Glyc 58.9 12 0.105 0.18 
JH2-2 ΔErs in Glyc 60.3 12 0.09 0.14 









































































Figure 96- Comparison of the biofilm biomass produced by Ef1927 transposon 










































 There was no statistical significance difference between biofilm formed by the DErs 
mutant  and the JH2-2 (wild type) under any of the tested conditions (Figure 97). 
Significantly more biofilm was formed by the complemented strain (DErs complement) than 
either the DErs mutant or the wild type in the glycerol-containing media at  pH 11 (p<0.005).  
6.3.4.2 	Effect	of	Ef1927	mutation	on	the	metabolic	activity	of	E.	faecalis	
biofilm	
6.3.4.2.1 	Comparison	 of	 the	 metabolic	 activity	 of	 	 biofilms	 formed	 by	
Ef1927	transposon	mutants	and	the	wild	type	
 Neither the mutants nor their complemented strains differed in the metabolic activity 
(determined by the resazurin assay) from either the wild type or the overexpressed strain 
(Figure 98). 
 
 The cCF10 induction sometimes increased and other times decreased the biofilm 
metabolic activity with no evident regular pattern (Figure 99, Figure 100, Figure 101, Figure 
102)  . 
6.3.4.2.2 		Comparison	 of	 the	 metabolic	 activity	 of	 the	 biofilm	 formed	 by	
JH2-2	(wild	type),	DErs	mutant,	and	the	complemented	strain	
 The metabolic activity of the DErs mutant in the biofilm was compared to  JH2-2 wild 
type and the complemented strains (Figure 103). In glucose media, there was no difference 
between the metabolic activity of the mutant and the wild type at either pH 8 or pH 11.  
 
 However, in the glycerol media the metabolic activity of the DErs mutant was 
significantly lower than that of the wild type at both pH 8 and pH 11. The metabolic activity 









Figure 97- Comparison of the biofilm biomass produced by JH2-2 (wild type), 
DErs mutant, and the complemented strain at pH 8 and pH 11. 




























Figure 98- Comparison of biofilm metabolic activity of Ef1927 transposon 
mutants, OG1Rf, complemented mutants, and the overexpressed strain at pH 8 
and pH 11with cCF10 induction (10ng/ml). 
OG1Rf/pJW76: the wild-type strain carrying the empty vector (pJW76) 
OG1Rf/pJW76:Ef1927: the wild type carrying the over-expression vector (pJW76:Ef1927) 
Ef1927-tn-1/pJW76: the first transposon mutant carrying the empty vector (pJW76) 
Ef1927-tn-1/pJW76:Ef1927: the first transposon mutant carrying the over-expression vector 
(pJW76:Ef1927) 
Ef1927-tn-2/pJW76: the second transposon mutant carrying the empty vector (pJW76) 



































Figure 99- Comparison of biofilm metabolic activity of OG1Rf, Ef1927 
transposon mutants, complemented mutants, and the overexpressed strain in 
glucose at pH 8 with and without cCF10 induction. Incubation with cCF10 
produced no significant effect (multivariate analysis).  
 
 
Figure 100- Comparison of biofilm metabolic activity of OG1Rf, Ef1927 
transposon mutants, complemented mutants, and the overexpressed strain in 
glucose at pH 11 with and without cCF10 induction. Incubation with cCF10 












































































































































Figure 101- Comparison of biofilm metabolic activity of OG1Rf, Ef1927 
transposon mutants, complemented mutants, and the overexpressed strain in 
glycerol at pH 8 with and without cCF10 induction. Incubation with cCF10 
produced no significant effect (multivariate analysis). 
 
 
Figure 102- Comparison of biofilm metabolic activity of OG1Rf, Ef1927 
transposon mutants, complemented mutants, and the overexpressed strain in 
glycerol at pH 11 with and without cCF10 induction. Incubation with cCF10 












































































































































Figure 103- Comparison of biofilm metabolic activity of JH2-2 (wild type), 
DErs mutant, and complemented strain in glucose and glycerol at pH 8 and pH 
11. 








































6.3.4.3 Effect	 of	 pH	 and	 carbohydrate	 source	 on	 the	 microscopic	
structure	of	E.	faecalis	biofilm	
 The architecture of the biofilm formed under different nutrient and pH conditions 
were compared for the wild type strain OG1Rf and the two EF1927 transposon mutants using 
Aclar discs. The OG1Rf  biofilm architecture is described in (Section 5.3.7.3) 
 
 There were no differences between the Ef1927-tn-1 biofilm (Figure 104) and that of 
the wild type (Figure 66, Figure 67, Figure 68, Figure 69) in either glucose or glycerol at pH 
11. Ef1927-tn-2 showed regional variation in glycerol-formed biofilm at pH 11, where some 
areas displayed more clumps and others more chains (Figure 105).  
6.3.4.4 Effect	of	mercuric	chloride	on	E.	faecalis	
 At 1mM, HgCl2 was bactericidal after 30 minutes whether in PBS or supplemented 
with either glucose or glycerol. The effect could not be reversed by mercaptoethanol. At 
0.1mM, HgCl2 was slightly inhibitory after 30 minutes and 1 hour and the effect was reversed 
by glucose and glycerol. However, after 24 hours 0.1mM was bactericidal in all groups and 
the effect was reversed only by glycerol and mercaptoethanol together. At 0.01mM, HgCl2 
was bactericidal after 24 hours, and the effect was not reversed by either glucose or glycerol. 
However, the effect was reversed by mercaptoethanol whether added at the start of the 
incubation or after 30 minutes (Figure 106). 
6.3.4.5 Effect	of	Auphen	on	E.	faecalis	
 In a similar series of experiments, the bactericidal effect of Auphen was tested against 
E. faecalis AS1. At 1mM, Auphen was slightly inhibitory after 30 minutes and fully 
bactericidal after 1 hour. These effects were reversed by mercaptoethanol. However, after 24 
hours the effect was not reversable by mercaptoethanol.  
 
 At the lower concentrations of 0.1mM and 0.01mM, Auphen was slightly inhibitory 
after 1 hour and totally bactericidal after 24 hours. Again the effects were reversed by 
mercaptoethanol (Figure 107).  
 
 The results of the bactericidal effect of Auphen were confirmed by the viable counts 




    
(a)                                                              (b) 
Figure 104 –Fluorescence micrographs of biofilm formed by strain Ef1927-tn-1 
cultured on Aclar discs in (a) glucose (b) glycerol for 48 hours at pH 11. Stained 
with the DNA label Hoechst 33342. Representative images at magnification of 



















    
(b)                                                            (c) 
Figure 105 - Fluorescence micrographs of biofilm formed by strain Ef0114-tn-1 
cultured on Aclar discs in (a) glucose, (b, c) glycerol  for 48 hours at pH 11. 
Stained with the DNA label Hoechst 33342. Representative images at 









































































Figure 106 - Effect of HgCl2 on viability of E. faecalis, (a) after 30 minutes, (b) 
after 1 hour, (c) after 24 hours, (d) grid guide. Where MS: mercaptoethanol added at 
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Figure 107- Effect of Auphen on viability of E. faecalis, (a) after 30 minutes, 
(b) after 1 hour, (c) after 24 hours, (d) grid guide. Where A: is Auphen, MS: 

















































 The contact time, as well as Auphen concentration, had significant effects on the 
bacterial counts. After 1 hour of contact, 100 µM had significantly decreased viability 
compared to the positive control (p<0.01), and 1mM was totally bactericidal (p<0.01). After 
24 hours of contact 1mM, 100 µM, and 10 µM Auphen completely killed E. faecalis. There 
was no difference in the bacterial counts between the 1µM Auphen and the untreated control. 
6.4 Discussion	
 GlpF belongs to highly conserved group of membrane proteins called  
aquaglyceroporins. In this study,  conservancy was confirmed among ten strains of E. 
faecalis. The only difference was in a single amino acid that changed from valine to 
isoleucine, and is not expected to affect the function of the membrane protein. However, both 
isoleucine variants were in root canal isolates. Modelling the GlpF of E. faecalis V583 with 
Swiss model revealed one domain similar to human aquaporin 10 with sequence identity of 
35.09% (Gotfryd et al. 2018). Comparing the entire protein to the NCBI protein database 
revealed 100% amino acid identity to aquaglyceroporin of Chlamydia trachomatis, the 
causative agent of trachoma. Thus targeting aquaglyceroporin of C. trachomatis might offer 
an approach of treating trachoma. 
  
 Aquaglyceroporins selectively transport glycerol and water through two selectivity 
filters; the aromatic/arginine selectivity filter (ar/R SF) which is responsible for size 
selectivity, and two conserved asparagine-proline-alanine motifs (NPA SF) which generates 
an electrostatic barrier to exclude charged ions from the channel (Wang Y 2005). Similarly, 
the two selectivity filters of GlpF in E. faecalis were predicted by modelling the protein using 
Chimera program (Figure 109). The aromatic arginine selectivity filter (ar/R SF) was 
predicted to be formed between ARG 188, TRP 44, TYR 182, and PHE 121, in which a pore 
(3.514A°) constitutes the size selection filter (illustrated in green Figure 109). The two 
conserved (asparagine- proline-alanine) NPA filters was predicted to be in the positions of 











Figure 109 (a) Top-view, (b) side-view of GLpF of E. faecalis (Chimera 
software), Green region is the (ar/R SF), the red region is the NPA filter. Purple 
component indicates the methionine residues, and the blue component indicates 








 Attempts to create deletion mutants for this membrane protein were unsuccessful, 
despite having four successful plasmid integrations into the E. faecalis genome. All the 
screened integrants reverted to the wild type (Section 3.2.4, 3.2.5) strongly suggesting that 
this membrane protein is essential. 
 
 Although two mutants of this gene were revealed in the transposon library, the two 
positions of the transposon insertions were toward one end of the gene which might be 
tolerated by the bacteria, and might also give an indication that any other transposon 
insertions in the gene might be lethal.  
 
 The growth of the two Ef1927 transposon mutants at pH 11 were different. Where the 
first evidenced slower growth in both glucose and glycerol, the second had slower growth in 
glucose only. This might be an indication of the varying functionality of the GlpF caused by 
the different transposon insertions. However, both mutants took longer to adapt to the 
alkalinity, probably acidifying it, before they were able to start their exponential growth. The 
deficient growth of the first transposon mutant in alkaline media from that of the wild type 
was restored in the complementation experiments. Over expression of GlpF drastically 
decreased lag phase in both media, improving the ability of the bacteria to adapt to the high 
pH as well as subsequently increasing their growth rates. 
 
 Similarly, deletion of Ers, the regulator of the glpKOF operon, adversely affected the 
ability of the bacteria to grow at high pH by extending the lag phase in the glucose media and 
slowing the growth in the glycerol media. This could be an indirect effect through the 
downregulation of GlpF. 
 
 The viability of Ef1927 transposon mutants and the DErs mutant at high pH was 
similar to that of the wild type. This susceptibility of E. faecalis to pH 11 indicates the 
correlation of alkaline tolerance with the availability of nutrients that contributes to 




 Ef1927 transposon mutation did not affect the biofilm biomass formed at pH 11. 
However, more biofilm was formed by the DErs-complemented strain in high pH glycerol 
media, probably due to restoration of the glycerol metabolism through the regulator Ers. 
 
 Despite statistical insignificance, the slightly thicker biofilm formed by the second 
transposon mutant compared to the wild type in high pH glycerol media was also evident 
microscopically. This unexpected result raises concern about whether this transposon mutant 
impaired GlpF function. However, there was no direct method to measure the activity of 
GlpF. 
 
 Comparison of the metabolic activity of the transposon mutants in the biofilm led to 
inconclusive results, possibly due to variable effect of pheromone (cCF10) induction. On the 
other hand, DErs mutant metabolic activity in the biofilm formed in glycerol was 
significantly lowered at both pH 8 and pH 11 compared to the wild type and was restored in 
the complemented strain. The variation in metabolic activity between the transposon mutants 
and the DErs mutant could be because the function of GlpF was not completely disrupted in 
the transposon mutants compared to being downregulated in the DErs mutant, or might be 
through a more generalized action of the Ers deletion on glycerol metabolism. 
 
 Blocking the glycerol channel of GlpF was a further attempt to assess the involvement 
of this membrane protein in either the alkaline tolerance or biofilm formation of E. faecalis. 
HgCl2 is a recognised inhibitor of aquaporins through its high affinity to the thiol group 
present in the water channel (Maurel et al. 1994). In addition, HgCl2 has a bactericidal action 
but it is not commonly used due to its high toxicity. In this study, HgCl2 was used as proof-
of-concept that targeting this membrane protein might have a lethal effect on the bacteria. 
Lower concentrations of mercuric chloride (0.01mM) showed bactericidal effects on E. 
faecalis after 24 hours, and the effect was blocked by adding mercaptoethanol, a reducing 
agent that competes with mercury in binding with the thiol group (Maurel et al. 1994; 
Spinello et al. 2016). 
 
 Following this promising result, a search for a more specific and non-toxic inhibitor 
of aquaglyceroporin led to the identification of Auphen. Auphen is a gold III compound 
formed from the reaction of HAuCl4 and 1, 10 phenanthroline (Block and Bailar 1951). 
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Auphen is reported as a selective inhibitor of glycerol transport by aquaporin 3, an 
aquaglyceroporin, without affecting the water transport (Martins et al. 2012; Spinello et al. 
2016). This inhibition was also evident in both mice and human aquaglyceroporin 7, through 
binding of the gold (in the Auphen compound) to the cysteine group in the aquaglyceroporin, 
leading to blocking of the pore (Madeira et al. 2014).  
 
 Auphen inhibits proliferation and growth of mammalian cells expressing aquaporin 3, 
while having no effect on cells that do not express aquaporin 3 (Serna et al. 2014). This cell 
proliferation inhibition is correlated with inhibition of glycerol permeability, and cells with 
mutated aquaporin 3 at cysteine 40 gain resistance to the anti-proliferative effect of Auphen 
(Serna et al. 2014). 
 
 The cytotoxicity of Auphen was measured on various mammalian cell lines with 
varying expression levels of aquaporin 3. The viability of cells, measured by flow cytometry, 
did not decline with concentrations up to 100 µM Auphen indicating non-cytotoxic effects 
(Serna et al. 2014). Moreover, Auphen does not cause haemolysis of red blood cells 
expressing aquaporin-3 indicating that it does not have a cytotoxic effect (Martins et al. 2012; 
Serna et al. 2014).   
 
 Auphen had a bactericidal effect against E. faecalis after one-hour incubation. Its 
bactericidal effect may be due to the inhibition of glycerol transport through GlpF. However, 
it could also be due to a combined effect on other essential proteins containing thiol groups. 
For example, PARPs (Poly Adenosine diphosphate Ribose Polymerase) which functions  in 
DNA repair. PARPs contain a zinc finger that is shown to be altered by Auphen and other 
metallic compounds leading to its inhibition (Wenzel et al. 2018). 
6.5 Conclusion	
 GlpF is a highly conserved membrane protein among E. faecalis strains, thus it does 
not account for the measured difference among isolates in alkaline tolerance.  
 
 The results of the growth experiments involving both transposon mutants, the DErs 
mutant, and the overexpression of GlpF, support the hypothesis that GlpF contributes to 
alkaline tolerance of E. faecalis.  
 201 
 
 The effect of GlpF on the alkaline tolerance is in adjunct with the availability of 
carbohydrates. In the absence of carbon source, as in the buffered saline, the bacterial ability 
to survive at pH 11 was not affected by either the disruption or overexpression of this 
membrane protein. However, overexpression of GlpF in the presence of a carbon source 
(glucose or glycerol) increased the alkaline tolerance of E. faecalis.  
 
 The biofilm forming ability at pH 11 was not dependant on GlpF. Nevertheless, one 
of the transposon mutations resulted in an increase in the biofilm biomass formed in glycerol 
at pH 11. 
 
 Downregulation of GlpF affected the metabolic activity of the  bacteria  in the 
glycerol-formed biofilm when subjected to pH 11, supporting the involvement of GlpF in 
alkaline tolerance of E. faecalis. 
 
 HgCl2 had a bactericidal effect on E. faecalis, however it lacks specificity to inhibit 
glycerol transport by GlpF and is toxic to mammals. On the other hand, non- toxic Auphen, 
as a selective inhibitor of GlpF, exerted a bactericidal effect on E. faecalis, and provides a 






















 Alkaline tolerance of E. faecalis is an in inherent trait that is not exclusive to root 
canal isolates, however the degree of tolerance varies among strains. Root canal isolates do 
not necessarily possess either higher alkaline tolerance or biofilm forming ability compared 
to non-root canal isolates, and root canal treatment does not contribute in selecting resistant 
strains of E. faecalis. Some of the root canal isolates were more tolerant to high pH compared 
to the non-root canal isolates. This variation might be due to the fact that some of the root 
canal isolates were from teeth that had broken restorations and were subjected to coronal 
leakage from the oral cavity. Thus, transfer of bacteria from other sources was possible. In 
addition, the cause of extraction of some of the teeth was not directly related to root canal 
treatment failure but more to the poor tooth prognosis. However, the exact reason for 
extraction was not provided and a definitive association between each strain and the 
corresponding tooth was not established. 
 
 E. faecalis, which is not generally regarded as an oral cavity commensal, is prevalent 
in secondary root canal infections but not in the primary infections (Chugal et al. 2011; 
Hancock et al. 2001). This strongly suggests that they are not the primary cause of the 
infection but rather more advantageous and adaptive to the conditions created after the 
primary treatment. 
 
 Both glycosyl hydrolase and GlpF are involved in alkaline tolerance of E. faecalis. 
Glycosyl hydrolase indirectly contributes to alkaline tolerance by hydrolyzing complex 
glycoproteins to provide additional energy, which consequently enhances acid production 
that neutralize the alkaline medium. This accords with the findings of Weckwerth et al. 
(2013) that E. faecalis progressively acidifies the alkaline environment as a mechanism of 
their survival. In addition, GlpF enhances the rapid adaptation of E. faecalis to the alkaline 
environment, where its over-expression decreased the lag phase of the bacteria and its 
downregulation decreased the metabolic activity of the glycerol-formed biofilm.  
 
 Physiological studies of any organism these days go hand-in-hand with the 
advancement of molecular genetics, but despite the significant developments in molecular 
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biological techniques in the last decade, the E. faecalis genome remains among the most 
recalcitrant to manipulate (Kristich et al. 2007).  
 
 Electroporation is the most common and successful method to genetically transform 
E. faecalis (Friesenegger et al. 1991; Karlskas et al. 2015). However, the first obstacle is to 
overcome the thick peptidoglycan cell wall. Therefore, formation of electrocompetent cells 
involves growing the bacteria in appropriate concentrations of glycine to interfere with cell 
wall synthesis (Holo and Nes 1989). The glycine concentration is critical for the success of 
electroporation (Cruz-Rodz and Gilmore 1990), and the optimum concentration should cause 
70-90% growth inhibition (Dunny et al. 1991). The glycine tolerance varies among strains 
and optimizing the concentration is required before attempting to transform each specific 
isolate. Even so, a favourable result is not guaranteed. In this study, the glycine 
concentrations were optimized for strains JH2-2 and AS1 strains, but only JH2-2 was proved 
competent and no transformants were obtained with AS1 with the positive control. 
Consequently, the lysozyme method for obtaining competent cells (Bae et al. 2002) was 
successfully applied because it is faster and does not require optimization among strains. 
 
 The difficulty in obtaining homologous recombination was another obstacle in the 
transformation of E. faecalis, together with the low establishments rates associated with the 
available plasmids. These difficulties led Kristich et al. (2005) to the application of a marker-
less deletion method involving conjugation. However, the random transfer of other genes that 
might affect the desired phenotype was a complication and requires further scrutinization of 
potential mutants (Kristich et al. 2007). 
 
 In this study, the thermosensitive vector pCJK218 (Vesic and Kristich 2013) was 
effective in generating a marker-less transformant allowing replication of the plasmid at a 
permissive temperature and facilitating convenient counter selection (blue-white screening) 
of the mutants, as well as avoiding the problems of co-transferring unwanted genes. 
However, none of the available techniques overcame the difficulty of reversion of the 
integrants to the wild type after excision of the integrated plasmid. Therefore, further 
development in the molecular genetics tools is needed to allow for the reliable transformation 




 Transposon mutagenesis is another commonly used method to study physiological 
and phenotypic characteristics of bacteria. Tn917 has been widely and successfully applied in 
Gram-positive bacteria, including E. faecalis, to disrupt genes (Eichenbaum and Scott 1997; 
Gruter et al. 1993; Ike et al. 1990; Youngman et al. 1983). However, this transposon is not 
randomly distributed across the genome, often introduces multiple insertion copies, and  
could only disrupts 25% of the non-essential genes (Garsin et al. 2004). Consequently, 
mariner transposon (EfaMarTn) was developed to be delivered at high frequency by 
conjugation in E. faecalis (Kristich et al. 2008). This transposon exhibits random distribution 
of the transposon throughout the genome, and a generated transposon library comprising 
15,000 mutants has been sequenced and subsequently used to explore physiological functions 
of E. faecalis (Dale et al. 2018).  
 
 In the current study, an  EfaMarTn library consisting of 5000 potential mutants was 
created and screened for derivatives that have lost the ability to grow at pH 11. However, no 
mutants were detected using two screening methods. Developing a rapid method to screen a 
large number of isolates was challenging, because of the difficulty in controlling the 
inoculum size (used in the 96 well plate method). Every time a perspective mutant exhibited 
a deficiency in growth in the initial screen, the alkaline tolerance was regained on the second 
screen. Therefore, due to the lack of reproducibility and considerable time involved, replica 
plating on pH 11 agar was explored, which was more straight-forward. The lack of alkaline-
sensitive mutants (in 5000 screened) suggests that the tolerance of E. faecalis to high pH is 
either linked to essential gene or requires the interaction of multiple genes.  
 
 The sequenced transposon EfaMarTn library (Kristich et al. 2008) provided the 
desired mutants and the opportunity to assess the involvement of Ef0114 and Ef1927  in 
alkaline tolerance and biofilm formation. In addition, impairment of  the function of the 
transcribed proteins was verifiable. For example, NAGase activity was absent in the Ef0114 
mutants and facilitated exploration of the functionality of glycosyl hydrolase in both the 
transposon and the deletion mutants. Furthermore, the retained ability of the GlpF transposon 
mutants to metabolize glycerol indicated that glycerol transport still occurred and supports 
the assumption that the function of GLpF may not have been completely disrupted at the two 




 Metabolic pathways and nutrient conditions have profound effects on bacterial 
virulence (Desai et al. 2013; Shemesh and Chai 2013). In this study, glycerol metabolism 
increased the pH tolerance of E. faecalis. Glycerol is metabolized in E. faecalis through 
either phosphorylation by glycerol kinase followed by oxidization by glycerol-3-phosphate 
oxidase (the GlpK pathway) or oxidization by glycerol dehydrogenase and phosphorylation 
by dihydroxyacetone kinase (the DhaK pathway) (Figure 110). Both pathways lead to the 
formation of dihydroxyacetone phosphate, an intermediate of glycolysis. Differences in gene 
expression among strains affect the dominance of one or other pathway. However, DhaK is 
the active pathway under anaerobic conditions (Bizzini et al. 2010). This could be the reason 
for the ability of E. faecalis to tolerate high pH even in anaerobic conditions inside the root 
canal. 
 
 Inside the root canal, availability of glycerol can be explained by the break-down of 
pulp tissues through debridement and the use of sodium hypochlorite, a common root canal 
irrigant that acts as a solvent converting fatty acids into fatty acid salts and glycerol (Estrela 
et al. 2002). This saponification is beneficial in clearing the canals of remnants of pulp tissue 
that cannot be removed by mechanical instrumentation. On the other hand, saponification 
could provide an accessible source of energy (glycerol) for bacteria retained in the dentinal 
tubules. Glycerol is also used as a carrier for calcium hydroxide in some commercial 
formulas (Fava and Saunders 1999).  
 
 In this study, glycerol accelerated the growth of even the least tolerant strain in high 
pH in the absence of other carbohydrates. Moreover, glycerol maintained the metabolic 
activity of E. faecalis and hence viability at high pH when the biofilm was formed in the 
presence of glycerol.  
 
 In an infected canal, the bacteria grow in multispecies biofilm attached to intracanal 
dentinal tubules and collagen (Love 2001; 2002; 2007). Therefore, to mimic the clinical 
condition, the effect of alkalinity was tested on the bacterial biofilms initially formed under 
normal pH conditions rather than the ability of the bacteria to form biofilms in alkaline 
conditions. The application of alkaline medication to a preformed biofilm neutralizes the 
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 In the absence of other energy sources, E. faecalis metabolizes the complex 
glycoproteins present either in the already formed biofilm or from remnants of host tissues 
and bacteria. This alternative metabolic pathway is likely due to the upregulation of glycosyl 
hydrolase enzyme (NAGase) in the presence of glycerol. Root canal isolates with higher 
NAGase activity displayed shorter lag phase at high pH supplemented with glycerol, which 
might be explained by the rapid neutralization of the medium by acid metabolic products of 
these complex glycoproteins. 
 
 E. faecalis has multiple glycosyl hydrolase encoding genes; more than fifty genes 
from different families in addition to Ef0114 (http://www.cazy.org/b135.html).  
Consequently, when Ef0114 was deleted (or mutated), the tolerance to elevated pH was only 
minimally affected. In contrast, PUGNAc, as it inhibits a broader range of N-acetyl 
hexosaminidases, affected additional glycosyl hydrolases decreasing the metabolic activity of 
the biofilm at high pH. 
 
 All E. faecalis strains were relatively intolerant to elevated pH when grown in a high 
pH buffer, because the buffer was devoid of nutrients. Furthermore, the buffer maintained the 
high pH beyond the ability of the bacterial to neutralize it. Besides, NAGase was secreted 
into the supernatant and removed before the bacteria were resuspended in the buffer. 
Consequently, whether the gene was present, deleted or overexpressed, might not have a 
direct effect on the survival in the high pH buffer. 
 
 GlpF belongs to the aquaglyceroporin family of membrane proteins that selectively 
transports glycerol and water. Aquaglyceroporins of humans derive from four families of 
aquaporins (3, 7, 9, and 10) (Hara-Chikuma and Verkman 2006). The function of 
aquaglyceroporins differs according to the tissue (Figure 111) (Verkman et al. 2014). For 
example, glycerol transport by AQP3 maintains skin hydration by acting as a humectant to 
retain water, while in tissues such as tumour cells and wound tissues, they maintain high 
glycerol levels to generate ATP and cell proliferation (Verkman et al. 2014). In adipocytes, 
AQP7 facilitates the exit of accumulated glycerol (Verkman et al. 2014). These diverse 




































 The proposed mechanism of GlpF in the alkaline tolerance of E. faecalis likely 
involves several pathways. Firstly, transporting glycerol into the cell provides a source of 
energy as well as generating protons to neutralize the external and internal alkaline 
environment. Secondly, the two NPA selectivity filters generate an electrostatic barrier 
excluding the passage of charged molecules through the channel (i.e. inward movement of 
hydroxyl ions from the high pH environment, and outward escape of protons from the 
cytoplasm) thus contributing to maintaining a neutral cytoplasmic pH. 
 
 In this study, attempts to completely delete Ef1927 encoding GlpF were unsuccessful 
despite the four integrations of the transformation plasmids into the chromosome. This 
suggests that Ef1927 is an essential gene and its deletion leads to a lethal mutation. On the 
other hand, the two transposon insertions were both toward one end (12.5 %and 23.9 %) of 
the gene, which questions their effect and whether they entirely blocked the expression of this 
membrane protein. 
 
 The influence of GlpF on alkaline tolerance was not only apparent in the presence of 
glycerol but was also evident in the media containing glucose as the carbon source. The two 
transposon mutants of Ef1927 exhibited longer lag phases and longer doubling times. 
Moreover, the overexpressed and the complemented strains had significantly shorter lag 
phases in media with either glucose or glycerol. Although the TSB did not have dextrose, the 
media contain carbohydrates from the soybean (sucrose, raffinose, galactose, and stachyose) 
but totally less than 1 % (w/v). However, glycerol is not among the carbohydrates present in 
TSB. This highlights that the alkaline tolerance mediated by GlpF does not depend solely on 
glycerol metabolism or even the presence of glycerol but demonstrates a much broader 
involvement of this membrane protein in maintaining bacteria under alkaline stress. 
 
 Mercuric chloride has a bactericidal effect mediated by the high affinity of mercury to 
sulphur and its consequent denaturing effect on proteins. However, HgCl2 has been banned 
from use as an antiseptic and disinfectant because of its high cytotoxicity to humans and its 
hazard to the environment (Das et al. 2012). HgCl2 was used in this study to block the 
function of GlpF in transporting glycerol and water. At lower concentrations, the bactericidal 
effect of HgCl2 was reversed by adding mercaptoethanol which has a HS group that attaches 
to mercury and competitively prevents its attachment to the sulphur group in the glycerol 
channel. However, due to the lack of selectivity of HgCl2 on glycerol transport and its 
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blocking effect on water transport in aquaporins, an absolute confirmation on its action on 
GlpF was not made. 
 
 Auphen is a selective inhibitor of glycerol transport by GlpF and other 
aquaglyceroporins. Its effect on aquaglyceroporins has been exploited as a potential 
anticancer treatment, especially for hepatocellular carcinoma that overexpresses AQP3. The 
advantage of Auphen is its selective antiproliferative effect on cells expressing AQP3 but not 
on other cells, as well as its potentially low cytotoxicity measured on red blood cells 
expressing AQP3 (Serna et al. 2014). To my knowledge, this is the first study exploring 
Auphen as a bactericidal agent. 
 
 The application of Auphen was primarily to investigate the involvement of GlpF in 
alkaline tolerance. However, Auphen’s bactericidal effect was evident at neutral pH which 
raised the possibility that GLpF is an essential protein in E. faecalis.  
 
 The mode of action of Auphen is through the high affinity of gold for the cysteine 
group present within the water/glycerol channel forming a gold III thiolate complex (Figure 
112) that blocks the passage of glycerol but allows the passage of water (Serna et al. 2014). 
E. faecalis GlpF, contains only one cysteine (aa 22) close to the (ar/R) selectivity filter 
(Figure 113). Binding of Auphen to the HS of cysteine blocks the channel. Similarly, in 
human AQP3, Auphen attaches to the cysteine at position 40 through the gold in a similar 
manner (Martins et al. 2012). 
 
 Auphen (1µM) inhibits glycerol transport by human blood cells (Martins et al. 2013). 
However, this concentration was not bactericidal for E. faecalis, but 10µM was (24 hours). 
The higher bactericidal concentration could be related to the bacterial concentration at the 
start of the experiment (about 108 CFU/ml) requiring a greater Auphen concentration to 
completely block GlpF.  
 
 The advantage of Auphen as a bactericidal agent and justification for its further 
development, is due to its selectivity in targeting the GlpF, together with its non-cytotoxic 








Figure 112- Reaction of Auphen with thiol to form gold III thiolate complex 








Figure 113- The only cysteine group (blue) that is present in GlpF of E. faecalis 
at position 22 and its proximity to the (Ar/R) selectivity filter (green). The red 









 In conclusion, broad physiological functions of bacteria are not always dependent on 
a single gene but may result from a series of processes and pathways independent of one 
another. Therefore, disrupting a single factor may not cause a remarkable effect on the tested 
physiological function. The alkaline tolerance of E. faecalis is an example. In previous 
studies, alkaline tolerance was attributed to multiple factors, such as continuous acidification 
of the alkaline medium, pumping protons into the cytoplasm, and a membrane impermeable 
to hydroxyl ions (Weckwerth et al. 2013).  
 
 The results of this study support the previous reports and offer explanations for the 
alkaline tolerance mechanism through the production of acid to neutralize the alkaline 
medium by the breakdown of complex glycoproteins, and through the prevention of passage 
of charged molecules throughout the glycerol membrane channel.  
  
 Targeting GlpF of E. faecalis is an original and promising approach to combat this 
resistant bacterium and could be further explored against a broader range of microbes 
expressing aquaglyceroporins. Auphen exerts a bactericidal effect against E. faecalis and may 
be further developed, with various delivery systems, as either root canal treatment or more 
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9 	Appendices	
9.1 Preparation	of	LB	broth	
Tryptone (10g/l; BD BactoTM), Yeast extract (5 g/l; Formedium TM, England), and sodium 




PBS at pH 8 was prepared by adding 955.1 ml of 0.1M of disodium hydrogen phosphate 
(14.2g/l) to 44.9 ml of 0.1M HCl. PBS at pH 11 was prepared by adding 965.3 ml of 0.1 M 
disodium hydrogen phosphate to 34.7 ml of 0.1M NaOH (Lambert and Muir 1973) 
9.3 Preparation	of	KPBS	
Potassium phosphate buffered saline (KPBS) (0.1M) at pH 8 was prepared by adding 16.284 
g of K2HPO4 and 0.888 g of KH2PO4 into 800 ml of distilled water till completely dissolved, 
then adding distilled water until the total volume is 1 litre. 
9.4 Preparation	of	TAE	buffer	
Tris base (2M) (4.844g/l), Acetic acid (1M) (1.21ml/l), and EDTA sodium salt dihydrate 
(50mM) (0.372g/l) were combined and dissolved in distilled water to one litre. 
9.5 Preparation	of	the	DNA	loading	Dye	(10X)	
Glycerol (3.9 ml), SDS (500 µl, 10% w/v), EDTA (200 µl, 0.5M), bromophenol blue 
(0.025g), and xylene cyanol (0.025g) were brought to 10 ml of water. 
9.6 Preparation	of	SOB	medium	(per	litre)	
20     g   Bacto-Tryptone 
5     g   Yeast Extract 
0.584     g  NaCl    (10mM) 
0.186     g   KCl    (2.5mM) 
 Were added then autoclaved. 2M filter sterilized Mg-solution (10ml) containing 1M 
MgCl2.6H2O and 1M MgSO4.7H2O per litre of autoclaved medium were added before use. 
End concentration is 10mM of each MgCl2 and MgSO4. 
For 100ml of  2M Mg-stock solution: 
20.33g  MgCl2.6H2O 
24.65g  MgSO4.7H2O 
9.7 Preparation	of	TB	medium	(per	litre)	
10mM              Hepes    2.38 g 
15mM   CaCl2.2H2O   2.21 g 
250mM KCl  18.64 g 
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pH adjusted  to 6.7 with KOH and components were dissolved in 945ml total volume and 
then autoclaved. 1M filter sterilized MnCl2 stock solution (55ml) was added prior to use. 
For 100ml of that 1M MnCl2.4H2O stock solution : 
19.79 g MnCl2.4H2O  
9.8 Preparation	of	SOC	medium	
2M filter sterilized glucose solution (10 ml) was added to SOB medium prior to use (end 
concentration is 20mM Glucose) 
9.9 Preparation	of	SGM17	medium	
37.25 g/L M17 broth, 0.5M sucrose, appropriate glycine concentration, and distilled 
water to bring the solution to the final volume. pH adjusted to 6.8-7.0 and 
autoclaved. After cooling, the appropriate antibiotic was added. 
9.10 Preparation	of	Streptococcal	regeneration	medium	(SR)	
(per	litre)	
Tryptone 10 g 
 Sucrose 200 g 
 Yeast extract 5 g 
 Gelatin 25 g 
Glucose 10 g 
 Agar 15 g  
MgCl2 (2.5 mM)  
CaCl2 2.5 mM 
pH adjusted to 6.8 then autoclaved. 
After cooling, the appropriate antibiotic was added. 
9.11 Preparation	 of	 MM9YEG	 agar	 (100	 ml)	 containing	
phenyl	alanine	(10mM)	
0.25 g            yeast extract 
1.5 g              Bacto agar  
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Autoclaved for 30 minutes at 121°C then add 199.6 mg of phenyl alanine p-Cl-Phe (Sigma) 
while warm to fully dissolve. Cool to 55°C then add 10x M9 salts (10 ml), and 50 % glucose 
(1 ml) 
To prepare 10x  M9 salts (per 100 ml) 
6 g  Na2HPO4 
3 g  KH2PO4 
0.5 g    NaCl  
1 g   NH4Cl 
Then autoclave for 30 minutes at 121°C. 
9.12 Preparation	of	citrate	buffer	(0.09M,	pH	4.7)	
Prepare 800 mL of distilled water in a suitable container. 
Add 13.343 g of Sodium Citrate dihydrate to the solution. 
Add 8.571 g of Citric Acid to the solution. 
Adjust solution to final desired pH using HCl or NaOH 
Add distilled water until volume is 1 L. 
 
9.13 The	 sequence	of	EF0114	 replacement	 cassette	 in	 JH2-2	
strain	

























































9.14 The	 sequence	 of	 EF0114	 replacement	 cassette	 in	 AS1	
strain	


































































































































































































































































































Figure 125- Exponential phase of E. faecalis strain AS2 in pH 11-glucose 
 



























































































































Figure 133- Exponential phase of E. faecalis strain OG1RF in pH 11-glucose 





































































































































































Figure 143- Exponential phase of E. faecalis strain OG1RF in pH 8-glycerol 
 
 








































































































































































Figure 153- Exponential phase of E. faecalis strain OG1RF in pH 11-glycerol 
 





































Figure 156 - Exponential growth of E. faecalis JH2-2 ΔErs complemented strain 
























































Figure 159- Exponential growth of E. faecalis JH2-2 ΔErs complemented strain 
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Figure 160 - Exponential growth of E. faecalis JH2-2 at pH 11-glucose 
 





























Figure 162 - Exponential growth of E. faecalis JH2-2 ΔErs complemented strain 
at pH 11-glucose 
 































Figure 165 - Exponential growth of E. faecalis JH2-2 ΔErs complemented strain 




















Expon. (Jh2-2 ΔErs comp)
 264 
 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2 H 4 H 6 H
pH 8 
pH 8

















































12 h 14 H 16 h
pH 12
pH 12
Expon. (pH 12)
